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GENERAL INTRODUCTION 
Photosynthetic organisms exhibit a diversity of adaptations that allow them to 
acclimate to a lesser or greater extent to changing carbon dioxide concentrations. This is 
especially true for photosynthetic organisms that live in aquatic habitats, where CO2
concentrations can vary much more widely than in non-aquatic environments. One common 
acclimation found in aquatic photosynthetic organisms, especially in unicellular organisms, is 
the induction or up-regulation of an efficient CO2 concentrating mechanism (CCM) during 
photoautotrophic growth in a limiting CO2 environment. This study of the influence of CO2
concentration on growth, photosynthesis and gene expression was undertaken to expand 
fundamental knowledge of how photosynthetic organisms, including the unicellular, 
eukaryotic alga Chlamydomonas reinhardtii, acclimate to various environmental CO2
concentrations. Although investigation of the CCM in this alga, with respect to growth, 
photosynthesis and gene expression in limited CO2 conditions is not novel, this study used a 
highly controlled environment, a greater spectl-um of physiologically relevant CO2
concentrations, culture growth beyond the typical acclimation time, and quantitative gene 
expression to greatly expand our knowledge of the environmental parameters controlling 
induction and/or up-regulation of the CCM in C. reinhardtii. 
In addition to the response of C. reinhardtii to various CO2 concentrations, the scope 
of the work described here also included further study of the role of the environmental 
CO2/02 concentration ratio as a potential factor in the up-regulation of low CO2 inducible 
genes and as a factor affecting the growth and photosynthesis of this alga. Because of the 
roles of CO2 and 0 2 in photosynthesis, photorespiration and glycolate metabolism, which 
2 
results from their competition for the same active site of Rubisco, the CO2/02 ratio has been 
suggested to regulate low CO2 inducible polypeptides (villarejo et al., 1996). The known 
CCM features that were of interest to evaluate with regard to the role of the COZ/02 ratio 
were the expression level of low CO2 inducible genes and changes in growth and 
photosynthetic CO2 affinity. The two low CO2 inducible genes chosen to be monitored in 
this study were Cahl ,which codes for the periplasmic carbonic a,.nhydrase, and Gdh, which 
codes for glycolate dehydrogenase. 
Chlamydomonas 
Species of Chlamydomonas, which are unicellular members of the phylum 
Chlorophyta, are distributed world wide in water and damp soil (Harris, 1989). 
Chlamydomonas reinhardtii, the Chlamydomonas species most commonly used for 
laboratory studies, has a rich history of use and is well suited as a subj ect for studying the 
acclimation to changing CO2 concentrations. For example, within the C. reinhardtii cell 
there is a single cup-shaped chloroplast (Figure 1). In this chloroplast there is a 
proteinaceous structure, found in many algae, called the pyrenoid and the most abundant 
protein in this structure is Rubisco (Kuchitsue et al., 1991; McKay and Gibbs, 1991; Okada, 
1992). However the distribution of Rubisco, whether in the pyrenoid or associated with the 
thylakoid membrane in the chloroplast stroma, is dependent on the nominal CO2
concentration. C. reinhardtii cells adapted to high CO2 conditions show 40% of the Rubisco 
localized in the pyrenoid and in low CO2 conditions 90% (Borkhsenious et al., 1998). 
Hence, in low CO2 conditions the location of Rubisco is specific to the pyrenoid region and 
reorganization of other cellular structures regulated by lower CO2 concentrations also occurs. 
There is a starch sheath that develops around the pyrenoid, greater vacuolization, and smaller 
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and greater number of mitochondria that are distributed between the chloroplast envelope and 
the plasma membrane, as apposed to localization in the cup of the chloroplast in high CO2
conditions (Geraghty and Spalding, 1996). How this great cellular reorganization in low CO2
relates to changing CO2 concentrations is not clearly known. 
The specific strain of the species C. reinhardtii used in the current study, CC 125, was 
originally isolated from a potato field in A~m.herst, Massachusetts (Harris, 1989). In its native 
soil habitat, gas phase concentrations of CO2 and 0 2 would be expected to fluctuate, with 
CO2 varying between 0% to S% and 0 2 varying between 0% to 21% (Fernandez et al 1993, 
Roper 1984). This contrasts with expectations with terrestrial plants, because atmospheric 
CO2 and 0 2 concentrations do not change dramatically. In addition to a greater magnitude of 
change, the CO2 and 0 2 concentrations in the soil environment certainly change more rapidly 
and more frequently than in the atmosphere, as they would in more strictly aquatic 
environments. The selective pressures resulting from the variable CO2 availability facing C. 
reinhardtii and other unicellular aquatic or soil algae during evolution have, in part, resulted 
in a low CO2 inducible mechanism, the CCM, that functions to increase the CO2
concentration at the site of CO2 assimilation. This CCM has been studied extensively and is 
discussed below. 
Physiological States 
Berry et al, 1976, recognized a difference in the efficiency of CO2 removal by C. 
reinhardtii grown in photoautotrophic conditions. This photosynthetic difference was with 
cells acclimated to 5% vs. atmospheric CO2 concentrations (0.035% CO2) both at 21% 0 2. 
The 100 fold lower CO2 grown cells possessed a greater affinity for CO2 and this suggested 
that the acclimated cells were in different physiological states. These states seemed to be 
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analogous with C3 vs. C4 photosynthesis. Characteristics of the different physiological 
states, high vs. low regulated by the CO2 concentration, have included carbonic anhydrase 
activity, up-regulation or transiently up-regulated gene expression, accumulation of HCO3", 
metabolite excretion and enzyme activity of the photorespiratorypsthway, and culture 
growth rates. These observations are only a few areas of C. reinhardtii physiology that have 
been under investigation for their contribution, if any, to the ability of the cells to survive in 
changing CO2 conditions. An element of the species survival in the dynamic CO2
environment is the equally dynamic process of concentrating CO2. 
The CCM 
The general CCM is thought to function in response to limiting CO2 conditions. 
Addressing the CCM model from the cell wall to the site of CO2 assimilation by Rubisco 
(Figure 1), the first enzyme of importance is the peripla.smic carbonic anhydra.se, Cahl, 
which is thought to dehydrate external HCO3" in the peripla.smic space to allow the released 
CO2 to be actively and/or passively moved across the plasmaiemma into the cell. Active 
transport across the plasmalemma is thought to occur by a membrane bound inorganic carbon 
(Ci) transporter that moves CO2 and/or HCO3" to the cytosol, from which it is transported 
into the chloropla.st by another C; transporter. A stromal carbonic anhydrase, Cah6 (Mitra et 
al, 2004), is thought to hydrate CO2 in the alkaline stroma to HCO3", which then either 
diffuses into or is pumped into the thylakoid lumen. The pool of lumen HCO3" is then 
dehydrated in the acidic lumen by the thylakoid chloroplast carbonic anhydrase, Cah3. The 
released CO2 then passively diffuses into the pyrenoid region, possibly restricted to a section 
of the lumen that crosses into the pyrenoid, to the site of Rubisco. The CCM essentially 
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Figure 1. General diagram of Chlamydomonas and the model of the carbon dioxide 
concentrating mechanism (Spalding, 1998). 
accumulates CO2 inside the pyrenoid to a higher concentration than in the external 
environment. 
As should be apparent from the description above, a key enzyme in the CCM is 
carbonic anhydrase (CA). There are 6 known carbonic anhydrases in C. reinhardtii, a 
thylakoid lumen carbonic anhydrase (Cah3 gene), two periplasmic carbonic anhydrases 
(Cahl and Cah2 genes), two mitochondria carbonic anhydrases (Mcal and Mca2 genes), and 
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a stromal carbonic anhydrase (Cah6 gene). The thylakoid lumen carbonic anhydrase, the 
gene for which is expressed constitutively, is essential for a functional CCM, where it is 
thought to play a role by dehydrating bicarbonate in the acidic thylakoid lumen to supply 
Rubisco with an elevated concentration of CO2 (Spalding et al., 1983; Karlsson et al. 1998; 
Hanson et al., 2003). Cahl and Cah2, the genes that code for the two periplasmic carbonic 
anhydrases, have different expression patterns, with Cah 1 being highly expressed only in 
limiting CO2 conditions and Cah2 being expressed only in high CO2 conditions (Fuj iwara et 
al 1990). Although highly expressed in limiting CO2 and reported earlier to play an 
important role in the CCM (Moroney et al, 1985 (v79)), the growth and photosynthetic 
characteristics of a Cahl structural gene mutant in C. reinhardtii, argue that Cahl is not 
essential for a functional CCM (Van and Spalding, 1999). Mcal and Mca2, the two 
mitochondrial carbonic anhydrase genes, both axe induced in limiting CO2 conditions 
(Eriksson et al., 1998), although it is not clear what, if any, role they play in the acclimation 
of C. reinhardtii to limiting CO2. Recently, Cah6, a carbonic anhydrase localized in the 
chloroplast stroma was identified. Cah6 reportedly is expressed constitutively, although the 
mRNA abundance increased in low CO2 conditions (Mitra et al., 2004), so it should be 
considered a low CO2 up-regulated gene. 
Even though Ci transporter genes, especially those specifically expressed in limiting 
CO2 conditions, have not been identified, Ci transporters do appear to be essential for a 
functional CCM (Spalding et al., 1998). In addition to biochemical evidence for Ci transport 
into microalgal cells and chloroplasts (Sultemeyer et al, 1990, Moroney 1986), supporting 
evidence for the essential nature of Ci transport comes from the C. reinhardtii pmpl -1 
mutant, which lacks the ability to concentrate Ci in CO2 limiting conditions but has normal 
carbonic anhydrase activity (Spalding, 1983). Interestingly, the rhesus protein (Rh) 
identified in C. reinhardtii is a gas channel that appears to play an important role in 
maintaining CO2 supply for cells at high CO2 (3% CO2), since rh mutants showed a lower 
growth rate in high CO2 than wild type (Soupene et al., 2004). These two mutants (pmpl -1 
and rh) suggest that there is more than one protein facilitating Ci movement across 
membranes and that the relative importance of each is dependent on the available Ci species 
and concentration. 
Regulation of the CCM and Acclimation to Limiting CO2
The CCM is known to be induced and to function in the atmospheric level of CO2, 
0.04%. During investigations of the CCM, the most commonly administered CO2
concentrations where the CCM is fully induced are 0.03% to 0.05% CO2, and where the 
CCM is fully repressed are 2% to 5% CO2. These two conditions, where the CCM is "on" or 
"off' are generally termed "Iow CO2" and "high CO2", respectively. Reports of growth, 
photosynthesis andlor gene expression of cells grown under CO2 conditions other than these 
conditions are uncommon. 
Gene expression of Cahl and other CO2 regulated genes in nominally high and low 
CO2 has been studied, but whether expression level changes in a stepwise fashion once the 
CO2 concentration (or CO2i02 ratio) drops below a threshold level or changes continuously 
with an inverse relationship to the CO2 concentration (or CO2/02 ratio) is not known. Nor is 
the threshold Limiting CO2 concentration required to induce the genes known, regardless of 
whether expression increases in a stepwise or continuous fashion thereafter. The CO2
concentration for the induction of CA activity of cells was reported to be 0.4% CO2 (Bozzo 
and Colman, 2000), which suggests that the threshold concentration maybe near this value. 
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The periplasmic carbonic anhydrase gene (Cahl ), as discussed above, is known as a 
low CO2 inducible gene because it is not expressed in high CO2 conditions and is highly 
expressed in low CO2 conditions. The off or on expression of Cah 1 is frequently used as a 
reporter for CO2 regulated genes and for induction of the CCM during investigations of 
limiting CO2 acclimation and CCM mutant characterizations (Fukuzawa, 2001; Miura, 2002; 
Thyssen, 2003; Soupene, 2004; Van et al, 1999; Van et al, 2001; Burow et al 1996). 
Similarly, the activity of CA (mainly Cah 1) and the photosynthetic K0.5(CO2) or Ko.S(Ci) of 
whole cells also are used as reporters for CCM activity in acclimation studies and for 
characterization of mutants (Fett and Coleman, 1994; Bozzo and Coleman, 2000; Colombo et 
al., 2002; Thyssen et al., 2003; Van et al, 1999). 
Full induction of the CCM in C. reinhardtii is not immediate, and a variety of 
minimum acclimation times using either CA activity (mainly Cah 1 activity) or 
photosynthetic CO2 affinity (Ko.$) a.s a reporter have been reported for photoautotrophic 
liquid cultures, ranging from 5 to 12 hours (Fett and Colemen, 1994; Bozzo and Colmen, 
2000; Coleman et. al, 1984; Somanchi et al., 1998). In addition, the time allowed for limiting 
CO2 acclimation has ranged from 3 to 48 hours (Felt and Colemen, 1996: Soupene et al., 
2002; Mitra et al., 2004; Colombo et al., 2002; Moroney et al., 1987; Karlsson et al, 1998; 
Thyssen et al., 2003; Van and Spalding, 1999; Spalding et al., 1983). All of the above 
conditions refer to cells moved from nominally high CO2 to nominally low CO2 conditions in 
the presence of 21 % 0 2, where the 100 fold change in gas concentrations occurs in minutes. 
Similarly, Chlorella kessleri, a freshwater alga that has a CCM, also showed a 6 hour 
acclimation time, as monitored by 0 2 evolution rates of growth in low CO2 (Bozzo et al., 
2000). 
9 
Variations in acclimation time may also reflect differences in the actual CO2
conditions and algal strains. Jon-Mckay and Colman (1997) investigated the CA activity in 
11 strains of Phaeodactylum tricornutum, a marine diatom with a CCM, in which the cultures 
were grown in three conditions; aerated with 5% CO2, 0.04% CO2, and zero-aeration. The 
CA activity was different among the 11 strains when grown on either 0.04% CO2 or zero-
aeration. In addition, the CA activity under zero-aeration was 4 to 11 times greater than that 
on 0.04% CO2 in all the strains. This study suggests that there was variability in the CA 
activity between strains and within each strain under the three different carbon conditions. In 
a similar study of aeration rate with Phaeodactylum tricornutum, this alga showed a decrease 
in cell density and fixed carbon as the flow rate of cultures on 0.04% CO2 decreased from 2 
L per min to 0.1 L per min and to 0 L per min (Johnston and Raven, 1992). These reports 
demonstrate that there are physiological differences among algal strains, sensitivity to the 
aeration rate, and that an additional acclimation state with increased CA activity was present 
at CO2 concentrations below 0.04% CO2. Similar detailed studies of how these factors impact 
the physiological state of C. reinhardtii have not been reported. 
Cell Treatment 
Although studies of the CCM and of low CO2 acclimation in C. reinhardtii and other 
unicellular, eukaryotic algae routinely use nominally high CO2 and low CO2 conditions, a 
wide variety of actual CO2 conditions have been used. With the accumulation of published 
reports over 30 years, there is a tremendous diversity of cell treatment regimes both before 
and after changes in the cells environmental CO2 concentration. The impact of culture 
treatment conditions, such as the method and rate of COZ supply on culture growth, 
photosynthesis, enzyme activity, gene expression, and mutant characteristics has not been 
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evaluated, nor has the ability to make comparisons among results from various similar 
investigations in different laboratories or even the same laboratory over time. 
The most conunon CO2 conditions to which cells are exposed are high CO2 (5% to 
3 %) and low CO2 (atmospheric, 0.04%). From these two CO2 conditions, observations are 
frequently made with respect to cell characteristics in one condition or the other (acclimated 
cells) and characteristics of the transition from one condition to the other (how the cells 
acclimate). Cell growth and mutant screening are conl.monly performed with acclimated 
cells, where growth occurs over several days. Enzyme activity, carbonic anhydrase, 
photosynthesis, and gene expression analysis are commonly measured with acclimating cells, 
where the acclimation phase is <12 hours or, less frequently, 24 to 48 hours. In addition, the 
environmental conditions for observations of acclimation are usually switched to a CO2
concentration that differs by about 100 fold over the course of less than 1 minute. Also, there 
are also instances were cells grown in one CO2 condition are subjected to brief exposures of 
various Ci concentrations to investigate cell physiology in that state. For example, the 
common method of making photosynthetic measurements is to remove cells from their 
growth condition and, either immediately or aver centrifugation and resuspension in buffered 
solution at room temperature or in the cold, to monitor 0 2 evolution in the presence of a 
different Ci concentration. At times, this also involves repeated cycles of Ci addition, 
photosynthetic assimilation to a CO2 compensation point and addition of a different Ci 
concentration. 
Descriptions of the method used to administer a particular CO2 concentration to the 
liquid medium varies and is frequently vague, and only the nominal CO2 concentration, the 
CO2 gas concentration that leads to the cell culture, is reported. The common report of the 
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gas administered is `gas bubbled' or `gas aerated'. Because there is no report of a 
quantification of the gas-liquid contact, the cell-environmental CO2 or effective CO2
concentration remains undefined. Depending on the rate and method of gas delivery, as well 
as the cell density of the culture, almost all of the COZ entering the culture maybe consumed, 
so the frequent result is a defined cell response to an unknown COZ concentration. The COZ
gas concentration that leaves the culture, although never reported, in addition to that is going 
in, may aid in relating the effective cell-environmental COZ concentration to the cell 
response. 
Photorespiration and Glycolate Metabolism 
Even though the cells concentrate CO2 to a greater extent inside than out when grown 
in COZ limited conditions, the CCM does not concentrate COZ to an extent that completely 
Chloroplast G3P F6P 
~ 1 
Figure Z. A photorespriatory pathway diagram of Chlamydomonas (Spalding, 1998). 
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eliminates the competition of 02 for the active site of Rubisco (Ramazanov and Cardenas, 
1992). Under nominally low CO2 conditions, Rubisco still exhibits both carboxylase and 
oxygenase reactions. In the photorespiratory glycolate pathway, the oxygenise activity of 
Rubisco, with 0 2 and ribulose-bisphosophate as substrates, forms phosphoglycerate and 
phosphoglycolate, the first metabolites of the photorespiratorypathtyay. The 
phosphoglycolate is then hydrolyzed by phosphoglycolate phosphatase (PGPase) to glycolate 
in the chloroplast stroma (Figure 2). In the second enzymatic step of the photorespiratory 
pathway in C. reinhardtii, catalyzed by glycolate dehydrogenase, glycolate is transported to 
the mitochondria and oxidized to glyoxylate. In the photorespiratory glycolate pathway, CO2
and NH3 are released during the oxidative decarboxylation of glycine to ultimately generate 
one molecule of phosphoglycerate in the chloroplast from two molecules of 
phosphoglycolate. 
Cells adapted to high CO2 conditions excrete glycolate and cells adapted to low CO2
do not (Nelson and Tolbert 1969), however when cells adapted to high CO2 conditions are 
moved to much lower CO2 conditions, and when cells adapted to low CO2 conditions are 
moved to much lower CO2 conditions, they excrete glycolate during the acclimation period 
(Berry et al., 1976; Kaplan and Berry, 1981). After acclimation, excretion stops because the 
functional CCM increases the CO2/O2 ratio at Rubisco, decreasing the amount of glycolate 
formed, and increased glycolate dehydrogenase activity is able to metabolize more of the 
glycolate formed (Marek and Spalding 1991; and Nakamura et al., unpublished ). The study 
of glycolate dehydrogenase has focused on metabolism of glycolate and subcellular location 
of the enzyme (Nelson and Tolbert, 1969; Goyal, 2002). The Charophyceae algae 
Chlamydomonas and Dunaliella both lack glycolate oxidase and also lack peroxisomes. 
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Glycolate dehydrogenase has been reported as located in the mitochondria (Beezley, 1976; 
Stabenau et al., 1993; Nakamura, et al., unpublished), and the mRNA of glycolate 
dehydrogenase (Gdh) is expressed in high COZ conditions but is up-regulated under low CO2
conditions (Nakamura et al., unpublished). In addition to up-regulation of Gdh, the genes 
encoding the photorespiratory enzymes, PGPase (Pgpl ), glutamine synthetase (Gs2) and 
alanine aminotransferase (Aatl) also are up-regulated either transiently (Pgpl) or stably 
(Aatl & Gs2) (Mamedov et al., 2001; Rmazanov and Cardenas, 1992; Chen et al., 1996). 
CO2/02 Ratio in Regulation of the CCM 
In addition to the effect of changing COZ concentration on induction of the CCM and 
other low CO2 acclimation responses, it has been suggested that 0 2 might also play a role in 
regulation of these responses, perhaps through changes in abundance of a photorespiratory 
metabolite (Spalding and Ogren 1982, Villarejo et al., 1996). Photorespiration, glycolate 
metabolism, and the induction of CA also were reported to be closely related in cells 
acclimating from high to low CO2 conditions (Ramazanov and Cardenas, 1992). Because of 
these reports, it has been suggested that perhaps the controlling environmental factor for 
CCM induction, etc., is the CO2/02 ratio, rather than just the CO2 concentration alone. 
The work done in this report suggests that the COZ/OZ is not a factor in regulation of 
Cahl and Gdh after acclimation. The CO2 alone appeared to be the regulating factor. The 
level of Cahl and Gdh were initially up regulated in the COZ gas concentration of 0.4% to 
0.5% CO2. The gas concentrations that were evaluated are presented in Table 1. In addition 
an open chamber system was used to determine the culture photosynthetic rate. Also how a 
long-term (greater than the acclimation time of the CCM) liquid culture responds to COZ 
14 
Table 1. The spectrum of CO2 and 0 2 concentrations used in the experiments 
COZ % OZ
0.0050 2 
0.0050 20 
0.0075 2 
0.0075 20 
0.01 2 
0.03 2 
0.05 2 
0.05 20 
0.06 2 
0.1 2 
0.1 20 
0.3 2 
0.3 20 
0.4 2 
0.4 20 
0.5 2 
0.5 20 
0.6 20 
1 20 
5 20 
15 
conditions between high and low, and below low CO2, has not been evaluated. Also there 
are very limited reports of the photosynthetic rate determined from an entire culture grown in 
an open system. 
Organization of the Thesis 
The subsequent chapter is in preparation for submission to the Canadian Journal of 
Botany on August 24, 2004 to be peer reviewed at the 5 h̀ international symposium on 
inorganic carbon utilization by aquatic photosynthetic organisms, CCM 2004, 2ptn
anniversary meeting in Quebec, Canada. The appendix is a detailed description of the system 
used for culture growth. 
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GROWTH, PHOTOSYNTHESIS AND GENE EXPRESSION IN 
CHLAMYDOMONAS OVER A RANGE OF CO=
CONCENTRATIONS e1ND CO=/O= RATIOS: 
COZ REGULATES MULTIPLE ACCLIMATION STATES 
A paper to be published in The Canadian Journal of Botany 
Peter Vance and Martin Spalding 
Abstract 
Growth, photosynthetic rate, and induction of two low CO2 inducible genes of 
Chlamydomonas reinhardtii strain CC 125 were quantified in a range of physiologically 
relevant CO2 and 0 2 concentrations (5 % to 0.005 % CO2 and 20%° or 2% 0 2) using airlift 
bioreactors to facilitate the simultaneous measurement of both growth and in situ 
photosynthesis measurements. Within these CO2 concentration ranges, 0 2 concentrations 
(20% versus 2%) had no significant affect on growth, photosynthetic rate, or induction of the 
periplasmic carbonic anhydrase (Cah 1) and glycolate dehydrogenase (Gdh) genes in wild 
type C. reinhardtii. It has been suggested that the CO2/02 ratio might act as a signal for the 
up-regulation of limiting CO2 induced genes and/or of the CCM, but these results failed to 
support the hypothesis that the CO2/02 ratio plays any role in signaling. The mRNA 
abundance of the Cahl and Gdh genes appeared to be regulated in concert, suggesting co-
regulation by the same signaling pathway, which, due to a lack of an 0 2 affect, seems 
unlikely to involve photorespiration or photorespiratoryrnetabolites. Instead, it appeared that 
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the CO2 concentration alone was responsible for regulation of limiting CO2 acclimation 
responses. Based on growth, photosynthesis and gene expression characteristics, three 
distinct CO2-regulated physiological states can be recognized within the studied parameters, 
a High CO2(S% to 0.5%) state, a Low CO2(0.4% to 0.03%) state, and a Very Low 
CO2(0.01 % to 0.005 %) state. The concentration range where the external CO2 induced Cah 1 
expression and Gdh up-regulation was between 0.5% and 0.4% CO2, differentiating the High 
from the Low CO2 states. Photosynthetic characteristics monitored in cultures acclimated to 
a CO2 concentration for up to 52 hours were distinct in the three CO2-regulated physiological 
states. For example, the estimated K,o.s(CO2) of the Low CO2 state was 10 µM CO2 and that 
of the Very Low CO2 state was 0.9 µM CO2. In addition to a greater photosynthetic CO2
affinity, the Very Low CO2 state could be distinguished from the Low CO2 state by an 
increased cell doubling time and a smaller cell size. 
Introduction 
Photosynthetic organisms have changed and continue to change the CO2 and 0 2 gas 
concentrations in the biosphere. These gas concentrations are variable over time and space, 
and a variety of CO2 assimilation adaptations can be found in photoautotrophic organisms, at 
least partly in response to this variability. These CO2 assimilation adaptations include the 
well-known C4 photosynthetic pathway (Kortschak, 1965), and the less well-known 
cyanobacterial and microalgal adaptations (Berry et al., 1976). Cyanobacteria and 
microalgae exhibit inducible changes in their physiological states, apparently in response to 
changes in the availability of inorganic carbon in their immediate environment. The 
established microalgal physiological states dependent on the CO2 availability exhibit 
photosynthetic kinetics that mimic those of C3 and C4 higher plants. These states are well 
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recognized in two conditions: high CO2 concentrations (usually 3% to 5% CO2) and low CO2
concentrations (usually at or below air equilibration levels of CO2; -v0.04% CO2). The work 
in this study supports earlier work suggesting an additional CO2 dependent physiological 
state at very low CO2 concentrations (van et al., 2001). 
One adaptation of photoautotrophic growth to limiting CO2 concentrations in the 
unicellular green alga Chlamydomonas reinhardtii and other microalgae is induction of a 
CO2 concentrating mechanism (CCM), which allows the cell to actively accumulate CO2 to a 
greater level at the site of ribulose 1,5-bisphospate carboxylase/oxygenise (Rubisco) than 
outside of the cell (Badger et al., 1980). The enzymes involved in the CCM, their function, 
and how they are controlled within the high and low CO2 states has yet to be fully 
understood. One thing that is clear, however, is the relationship between the low CO2 state 
and induction of the CCM. The apparent K.o.s(CO2) in the low CO2 state, which occurs at 
current atmospheric CO2 level (-V0.04% CO2), is lower than that in the high CO2 state, which 
indicates the cells in the low CO2 state have a greater affinity for CO2. One important 
physiological change in C. reinhardtii cells acclimated to this low CO2 level is the induction 
of a CCM. The CCM includes active transport of CO2 and/or HCO3- at the cell and 
chloroplast membranes (energy supplied from photosynthesis), occurrence of a HCO3~ pool 
in the chloroplast stroma, and dehydration of that HCO3- pool to concentrate CO2 at the site 
of Rubisco (Badger and Spalding, 2000). 
Not only is a CCM induced when CO2 is limiting, but the photorespiratorypathtyay 
also changes. CO2 is concentrated at the site of Rubisco, but the photorespiratorypathway is 
not completely inhibited (Ramazanov and Cardenas, 1991), even though varying the 0 2
concentration over physiologically relevant concentrations (2% to 21 % 0 2) had no reported 
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affect on photosynthetic 0 2 evolution in C. reinhardtii (Spalding et al., 1983; Berry et al., 
1976; Spalding et al., 1993). A commonality between the CCM and the photorespiratory 
pathway is the dual activity of Rubisco. The first committed step of carbon fixation is due to 
the carboxylase activity of Rubisco, and a fiunction of the CCM is to facilitate an adequate 
supply of the CO2 substrate. Similarly, the first committed step of photorespiration is due to 
the oxygenase activity of Rubisco. This dual nature of Rubisco and reported effects of 0 2 or 
CO2/O2 ratio on induction of CO2-regulated genes and/or peptides (Spalding and Ogren, 
1982; Villarejo et al., 1995) have suggested the possibility that the CO2/O2 ratio or a 
photorespiratory metabolite might be involved in regulation of changes between the low CO2
and high CO2 states (Spalding and Ogren, 1982; Villarejo et al., 1996; Ramazanov and 
Cardenas, 1992). 
Acclimation to low CO2 and induction of the low CO2 state also involves induction 
and up-regulation of several genes (Spalding et al., 2002), including genes that code for a 
periplasmic carbonic anhydrase (pCA) and for glycolate dehydrogenase (Gdh). The first 
enzyme whose appearance was demonstrated to correlate with the physiological states and 
the CCM was the 37 kDa pCA, whose activity increased when the dissolved CO2 was 
reduced below 100 µM CO2 and reached its maximum activity at 10 µM CO2 (Coleman et 
al., 1984; Bozzo and Colman, 2000). The pCA, which is encoded by the gene Cahl ,has 
long been thought to play a role in the ability of C. reinhardtii cells to increase internal CO2
at the site of Rubisco (Moroney et al, 1985), although recent evidence from a Cahl mutant 
indicates such a role is unlikely (Van and Spalding, 1999). There is no detectable Cahl 
mRNA in cells grown in high CO2 concentrations (5% to 2% CO2 in air), but abundant Cahl 
mRNA is induced at low CO2 concentrations (0.05 % to 0.03 5 % CO2) and maintained even 
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after acclimation to the low CO2 concentration (Coleman et al., 1984). The pCA activity and 
Cah 1 mRNA have been used extensively as reporters for acclimation to limiting CO2, 
induction of the low CO2 state and induction of the CCM (Fukuzawa, 2001; Miura, 2002; 
Thyssen, 2003; Soupene, 2004; Van et al, 1999; Van et al, 2001; Burow et al 1996). 
In accord with the changes in photorespiratory metabolism that occur with 
acclimation to the low CO2 state, genes that code for photorespiratory enzymes also are 
known to be up-regulated by low CO2, including phosphoglycolate phosphatase, glycolate 
dehydrogenase, glutamine synthetase and alanine aminotransferase (Nakamura et al., 
unpublished results; Nelson and Tolbert, 1970, Chen et al., 1996; Ramazanov and Cardenas, 
1992; Marek and Spalding, 1991; Suzuki et al., 1990). Glycolate dehydrogenase (Gdh), 
encoded by the gene Gdh, is a photorespiratory enzyme that is present in high and low CO2
conditions (Marek and Spalding, 1991). This enzyme catalyzes the third step in the 
photorespiratorygathway and functions to oxidize glycolate to glyoxylate in the 
mitochondria. . Even though the transcript of Gdh is constitutively expressed in 
photoautotrophic conditions, the mRNA abundance is elevated under low CO2 conditions 
(Nal~amura, et al., unpublished results). 
The development of a functional CCM in low CO2 is not immediate. Coleman et al., 
(1984), reported that within 5 hours after cells (C. reinhardtii strain 2137) were transferred 
from high to low CO2 the Ko.s of photosynthesis was 20 fold less than in the 5% CO2
condition and that full acclimation to low CO2 was reached with in 16 to 24 hours. Similarly 
Burow et al., 1996, reported nearly complete acclimation with K~.S of photosynthesis in 4 
hour of high to low grown cells. Palmgvist et al., 1990, reported full photosynthetic 
acclimation of cells moved from high to low CO2 in 2-3 hours yet a maximum CA activity 
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was achieved in 12 hours with two C. reinhardtii strains, 137c+ and Cw 92. Borkhsenious et 
al., 1998, have reported that cells switched from high to low CO2 reached a minimum K0.5 of 
photosynthesis in 5 hours and correlated this to the time required for the redistribution of 
Rubisco to reach 90% localization in the pyrenoid (C. reinhardtii 137). Somanchi (1998) 
reported a stable minimum K.o,s(CO2) within 4 hours (C. reinhardtii strain 13 7) and Bozzo 
and Colman (2000) reported a stable oxygen evolution rate within 2 hours (C. reinhardtii 
strain 2137). As mentioned by Bozzo and Colman, the acclimation time course of the CCM 
appears to be different depending on the strain. 
Although only two CO2-regulated physiological states, the low CO2 and high CO2
states, are known, an additional physiological state has been suggested by the C, reinhardtii 
pmpl -1 mutant, which grew in 5% CO2, died at air levels of CO2, yet grew at less than 0.01 
CO2 (Van, et al., 2001). These unusual growth characteristics of pmpl -1 may indicate a 
difference in development and control of the CCM between the conditions of air CO2
concentration (0.04%) and 0.01 % CO2. Mixotrophic growth of C. reinhardtii with acetate 
also suggests a different physiological state and control of the CCM. Cells supplemented 
with acetate at atmospheric CO2 levels have less pCA activity and reduced affinity for CO2
as compared to non-acetate supplemented cells (Fett et al. 1994, Spalding, 1982; Moroney, 
1987). 
How C. reinhardtii controls the CO2-regulated physiological states and the CCM is 
not yet fully understood, including whether the states are controlled by the CO2
concentration, CO2/O2 ratios or some other mechanism. Amoroso et al., 1998, have 
suggested that the efficiency of the CCM after acclimation to low CO2 concentrations may be 
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due to changes within the established CCM rather than a quantitative increase in components. 
Even less is known about regulation of changes that occur at very low CO2. 
The work in this study investigated CO2 dependent physiological states in long-term 
acclimated cell cultures in an open system. The CO2 concentrations employed ranged from 
0.005 % to 5 % CO2, and the parameters investigated over this range of CO2 conditions were 
cell growth, photosynthetic rate, and the mRNA abundance of the Cahl and Gdh genes. The 
data presented in this report indicate that the CO2 concentration, not the CO2/02 ratio, 
determines the level of expression of Cahl and Gdh, and also lend support to the suggestion 
(Van et al, 2001) that there is an additional level of acclimation to very low CO2
concentrations. The low CO2 inducible genes associated with the CCM and the 
photorespiratorypatbway appear to be up-regulated together. In addition, the mRNA 
abundance of both Iow CO2 inducible genes do not simply switch from one stable expression 
level in high CO2 to a higher, fixed expression level in low CO2 but rather increase in an 
inverse correlation with the CO2 concentration as it decreases. It also was noted that 
acclimation to a lower CO2 concentration results in a delay in growth and that the duration of 
the acclimation growth delay appeaxs to be dependent on the concentration of the external 
CO2. 
Materials and Methods 
Culture Growth 
C. reinhardtii wild-type CC 125 was used in all experiments. The cell cultures were 
initially grown on minimal agar medium at S % CO2 and continuous light for 3 days, then in 
liquid minimal medium (Geraghty et al., 1990) for 2 days under the same conditions. These 
liquid cultures were used to inoculate two airlift bioreactors. However, to facilitate non-
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synchronous growth the inoculation of the bioreactors occurred in two steps, using two 
different inoculum cultures and offset by 4 hours. Plated cells were transferred into two 
flasks containing 200 ml liquid minimal medium, one started four hours after the first, and 
both were bubbled with 5% CO2 in air while shaken on a gyratory shaker (125 rpm) under 
continuous light for 2 days. The liquid cultures were used to inoculate two Kontes Cytolift 
bioreactors, each containing 670 ml minimal liquid medium at 25° C, 150 µE of continuous 
light, and a gas flow rate of 0.341iters per minute sparged through a metal rod filter 
protruding from the base of the bioreactor into the liquid medium. One bioreactor housed a 
culture with the experimental gas condition and the other housed a control culture (20% 0 2, 
5 % CO2), allowing a control culture to be grown simultaneously with each experimental 
culture. The control and experimental bioreactors were inoculated with the same liquid cell 
cultures to achieve 50,000 cells/ml (half of the inculcum added twice, from 2 separate 
cultures and offset by 4 hours) and proliferated for 52 hours from the second inoculation. 
Cell density was estimated using a hemacytometer (Harris, 1989). Samples of 1 ml 
each were taken from the cell culture at 4-hour intervals from the 12th to the 52nd hour. Each 
sample was preserved with three drops of tincture of iodine, and the average cell count from 
4 hemacytometer grids was used to calculate the culture density. A coulter multisizer (Cell 
Facility, Iowa State University) was used to measure the cell diameter using the same 
samples as those taken for cell density counts. Chlorophyll was extracted with 95%ethanol 
by the method described by Winterman De Mots, (1965) from additional 2 ml samples taken 
from the bioreactors at the same time as those for cell density at 4-hour intervals from the 
12th to the 52nd hour. Sterilized water was added at each sampling time to replenish removed 
medium and evaporated water. 
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Cell growth doubling time was calculated from the formula: 
tf - ti 
Log (cf) —Log (c;) 
0.301 
t; = lnitlal time, t f =final time, 
c; =initial cell concentration, 
cf =final cell concentration 
Where the final and initial cell concentration values were determined from a fitted 
exponential equation derived from the cell density counts and total chlorophyll concentration 
at 4 hour intervals between hours 12 to 52. 
Gas Conditions 
The extent of the external CO2/O2 ratio as a factor in regulation of low CO2 inducible 
genes was explored using 6 different ratios, and each ratio was represented by two different 
levels of 0 2 and CO2, differing in concentration by 10 fold. Source gases were mixed from 
compressed air supplied to the lab, and five compressed gas cylinders, 100% CO2, 100% N2, 
CO2-free air, and certified S% CO2 in air, to generate the CO2/O2 conditions (Table 1) using 
Sierra 820 Series Top-TrakTM mass flow meters for flow measurement and Qubit S stems y 
models S 151 and S 153 infrared gas analyzers and a YSI model 53 oxygen analyzer to 
monitor the CO2 and O~ concentrations, respectively. Data for gas concentrations both 
before (pre-culture) and after (post-culture) passing through the algal culture were collected 
on a 4 hour interval from the 12~' to the 52"d hour. The CO2 data were collected and 
summarized with Qubit Systems Logger Pro software. 
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Table 1. Sununary of the nominal CO2 and 0 2 concentrations utilized (% gas) and the 
CO2/O2. The *indicate the CO2 concentrations which only one 0 2 concentration was 
evaluated. 
CO2 % 0 2 COZ/02
0.005 2 0.00250 
0.005 20 0.00025 
0.0075 2 0.003 75 
0.0075 20 0.000375 
0.01 * 2 0.0050 
0.03* 2 0.0150 
0.05 2 0.0250 
0.05 20 0.0025 
0.06* 20 0.0030 
0.1 2 0.050 
0,1 20 0.005 
0.3 2 0.150 
0.3 20 0.015 
0.4 2 0.200 
0.4 20 0.020 
0.5 2 0.250 
0.5 20 0.025 
0.6* 20 0.30 
1 20 0.05 
5 * 20 0.25 
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Low CO2 inducible genes 
Total RNA was extracted from 300 to 670 ml of culture taken on the 52nd hour by the 
acid guanidinium thiocyanate-phenol-chloroform method described by Chomczynski and 
Sacchi (1987). Northern analysis was performed by the method of Fourney at al. (1988) 
using a 1.4-kb BgIII - Ncol fragment of the Cahl cDNA and a 1.2-kb EcoRl fragment of Gdh 
cDNA as probes. Each gel used for northern analysis included RNA from two standard 
conditions, 5% CO2 - 20% 0 2 and 0.05% CO2 - 20% 0 2 as controls. Hybridization of radio-
labeled probes to the two low CO2 inducible genes (Cahl and Gdh) was quantitatively 
assayed using a Molecular Dynamics phosphor imaging system. The level of expression 
from each membrane was first normalized by dividing the Cah 1 and Gdh signal by that of a 
G-protein gene reported to be constitutively expressed (Schloss, 1990). For comparison 
across membranes, the level of expression was calculated as a percent of the expression level 
of the standard 0.05 % CO2 - 20% 0 2 control. 
Other analysis 
The graphs were created and the equations of the correlation Lines and correlation 
coefficients were calculated with Microsoft Excel 2000 soi~ware. 
Results 
Growth 
Figure 1 shows relative growth of the experimental culture, either cell density (Figure 
1 A) or chlorophyll concentration (Figure 1 B), as a percentage of the control grown in 5% 
CO2 and 20% 0 2. Each point represents the average of the percent cell density or percent 
chlorophyll concentration, relative to the control (5% CO2 - 20% 0 2), for 11 points taken at 4 
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Figure 1 A. Growth measured as (A) cell density and (B) chlorophyll concentration, of an 
experimental culture grown in the nominal CO2 concentration as a percentage of the growth 
of a simultaneously run control culture (5% CO2 20% 0 2). The experimental culture 0 2
concentration is indicated, 0 as 2% and • 20%. Each point represents an independent 
culture, in which the growth of experimental cultures as a percent of the control growth over 
hours 12, 16, 20, 24, 28, 32, 36, 40, 44, 48, and 52 was averaged. The error bar in B 
indicates the standard deviation for the chlorophyll concentration data, which was typically 2 
fold lower than that of the cell density data (not included). The logarithmic correlation line 
and equation in B describe the relationship for CO2 concentrations of 0.005% to 0.5%. 
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Figure 1 B. Growth measured a.s (A) cell density and (B) chlorophyll concentration, of an 
experimental culture grown in the nominal COZ concentration as a percentage of the growth 
of a simultaneously run control culture (S%COZ 20% OZ). The experimental culture OZ 
concentration is indicated, 0 as 2% and • 20%. Each point represents an independent 
culture, in which the growth of experimental cultures as a percent of the control growth over 
hours 12, 16, 20, 24, 28, 32, 36, 40, 44, 48, and 52 was averaged. The error bar in B 
indicates the standard deviation for the chlorophyll concentration data, which was typically 2 
fold lower than that of the cell density data (not included). The logarithmic correlation line 
and equation in B describe the relationship for COZ concentrations of 0.005% to 0.5%. 
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hour intervals over 40 hours of growth and beginning at the 12th hour. During this time 
frame (12th to the 52nd hour) the cultures in 0.03 % CO2 and greater were in the late lag phase 
to mid log phase (data not shown). Figure 1 B suggests that the rate of the experimental 
culture growth remained proportional to the simultaneously grown control culture within this 
40 hour time frame. This similarity was evident in every experimental condition, which 
suggests that over this time, the cells were fully acclimated to each CO2/02 condition. In 
addition, relative growth of cultures in 2% OZ could not be distinguished from that of cultures 
in 20% 0 2, even as the CO2 concentration was decreased to very low CO2 concentrations, 
which demonstrates the lack of any detectable 0 2 effect on cell growth. 
The cell doubling time was constant at 10 hours for C. reinhardtii CC 125 over 52 
hours of growth across the CO2 concentration range of 5% to 0.05% (Figure 2). Calculations 
from cell density counts and chlorophyll concentration were consistent, indicating that the 
chlorophyll content per cell was constant over this range of CO2 concentrations. The 
similarity of doubling times for cultures grown at concentrations from 5% to 0.05% COZ
suggests that, even under low CO2 conditions, the growth rate was not inhibited. At lower 
CO2 concentrations, the doubling times increased gradually over the 0.05 % to 0.03 % CO2
range to reach higher doubling times of 13 to 14 hours (cell density measurements) at very 
low CO2 concentrations (0.01 % to 0.005% CO2), indicating that the growth rate was 
inhibited at CO2 concentrations equal to or less than 0.01 % CO2. However, the doubling 
time in these very low CO2 concentrations calculated from total chlorophyll was greater than 
that determined from the cell density. This difference indicates that the chlorophyll content 
per cell changed at the very low CO2 concentrations, suggesting perhaps a decrease in cell 
size. 
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Figure 2. Wild type CC125 cell culture doubling time in CO2 concentrations from 5% to 
0.005%. The number of independent cultures at a given CO2 condition is equal to `n' and 
was averaged; the error bar is the standard deviation. The 5' is the control culture and all 
others are experimental cultures. The gray bars indicate the doubling time derived from cell 
density and the spotted bar from chlorophyll concentration. 
Even though the doubling time was the same over the 5% to 0.05% CO2 range, the 
relative growth, as judged by percent of control (5% CO2 20% 0 2) cell density over the 12 to 
52 hour range (Figure 1), of cultures grown at CO2 concentrations below 0.3% CO2
decreased as the CO2 concentration decreased. The observation that the relative growth 
(percentage of control) as measured by either cell density or total chlorophyll remained 
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consistent for each culture from the 12th to the 52nd hour and that the relative growth 
decreased as a logarithmic function of the decreasing CO2 concentration from 0.5% to 
0.005% CO2, suggests the cell concentration was affected by the CO2 concentration before 
the 12th hour. The cell cultures grown on 1 % to 0.3% CO2 showed relative growth and a 
doubling time similar to those grown on 5% CO2, and the cultures grown on 0.01 % to 
0.005% CO2 showed a distinctly decreased relative growth and an increased doubling time 
(slower growth), relative to the control cell cultures. However, cells grown in the 0.1 % to 
0.03% CO2 range showed a decrease in relative growth yet the same doubling time as those 
grown on 5% CO2, which indicates that the cultures on 0.1 % to 0.03% CO2 experienced a 
delay in cell growth before the 12th hour. 
When cells are moved from high CO2 to low CO2, they experience an acclimation 
time before they resume maximum photosynthesis (Coleman et. al, 1984; Somanchi et al., 
1998) and carbonic anhydrase activity (Felt and Colemen, 1994; Bozzo and Colmen, 2000). 
This acclimation time may also be reflected in culture growth. In the current experiments, 
the doubling time for cultures in 5 % to 0.03 % CO2 was the same (Figure 2) and each paired 
control and experimental condition were inoculated with the same cell culture and cell 
density, yet the relative growth (cell density and chlorophyll concentration, relative to those 
of the control cells), was different for the 0.1 % to 0.03% CO2 range. This difference in cell 
concentration supports a growth delay during the initial acclimation to the lower COZ
concentration, where the acclimation duration (growth delay) increased as the external CO2
concentration decreased. 
Since the rate of growth from 12 to 52 hours is the same, the time required for a 
culture exposed to the lower CO2 concentration to reach an equivalent chlorophyll 
36 
concentration as the control should represent the delay of culture growth during the 
acclimation period. To quantify this delay, the amount of time required far the experimental 
culture to reach the same cell density and total chlorophyll concentration as the control 
culture was calculated. The growth delay during acclimation was estimated by use of the cell 
density and total chlorophyll sampled in an experiment over the 12th through the 52nd hour on 
a 4 hour interval. Using the exponential correlation equation describing the relationship 
between either cell density or chlorophyll concentration over time, the time needed for each 
culture to reach 106 cells/ml or 1 chloro h 11 er ml was calculated. From these times µg p y p 
the acclimation growth delay was then quantified for each experimental condition relative to 
the control (Figure 3). This allows the acclimation time to be observed as a delay in the 
culture growth. The growth delay shown by the cell density measurements was similar to 
that shown by the chlorophyll concentration measurements in most cases. No delay was 
observed for cells grown in the 5% CO2 concentration, because this was the same CO2
concentration that the cells were growing in before they were moved into the bioreactors as 
well a.s the same CO2 concentration as the control. In addition, the lack of a growth delay in 
the 5% CO2 cultures indicates that the growth delay in the lower CO2 concentrations was not 
an artifact of transferring the cells to the bioreactors. The cell density delay had a greater 
The cell density of the cultures in 5% to 0.3% CO2 showed no apparent growth delay, 
consistent with the observation that these cultures all had the same doubling time (Figure 2) 
and the same relative growth (Figure 1). On the other hand, the cultures grown in 1 % to 
0.3% CO2 showed an apparent negative delay of approximately 2 hours in the chlorophyll 
concentration data at 0.6% to 0.3% CO2. This alteration suggests that cells moved from 5% 
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Figure 3. The relative growth delay from cultures acclimating to various CO2 concentrations 
is shown by the time difference required for the culture to reach the same cell density (gray 
bars) or total chlorophyll concentration (spotted bars). The number of independent cultures 
at a given CO2 condition is equal to `n' and was averaged; the error bar is the standard 
deviation. 
to the 1% to 0.3% CO2 range responded to the change in CO2 with an increase in the 
chlorophyll content per cell, even though they were unchanged with respect to cell density. 
At 0.1 % CO2, there was no significant delay in either the cell density or the 
chlorophyll concentration data, and, as the CO2 concentration decreased to 0.01 % CO2, the 
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delay increased to 15 to 20 hours for both the cell density and chlorophyll concentration data. 
The 15 to 20 hour delay for the CO2 concentration range of 0.005% to 0.01 % in both the cell 
density and the chlorophyll concentration measurements is difficult to interpret, because the 
doubling times for cultures in these very low CO2 conditions were 1.5 to 2 times greater than 
that of the control. This apparent growth delay in the very low CO2 condition may not be 
accurately estimated but does suggest an acclimation-related growth shift greater than that 
observed in the 0.06% to 0.1 % CO2 range or even than that in 0.03% CO2. In general, for 
both cell density and chlorophyll concentration, the acclimation growth time in 0.3% to 
0.005% CO2 increased as the CO2 concentration decreased. 
The estimated acclimation related growth delay, i.e., the time needed for the cultures 
to acclimate and resume growth, for cultures moved from 5 % CO2 to 0.03 % or 0.05 % CO2
was approximately 4 hours. This 4 hour delay is similar to reported acclimation times far the 
increase in carbonic anhydrase activity (Bozzo and Colman, 2000), and for the decrease in 
photosynthetic K.0.5CCO2} (Somanchi et al., 1998) Thus the estimated growth delay due to 
acclimation estimated here matches very well with and confirms the reported acclamations 
times estimated in other ways. 
Within the span of CO2 concentrations, there were apparent differences in the amount of 
chlorophyll per cell (Figure 4A). Chlorophyll per cell appears rather constant for 5% CO2 to 
0.03 % CO2, even though the data from Figure 3 suggested the chlorophyll per cell was lower 
for 5 % CO2 than for the 1 % to 0.3 % CO2 range. The cultures grown in 0.005 %, 0.0075 %, 
and 0.01 % CO2 contained lower chlorophyll per cell than those grown in 5% CO2. This 
apparent difference may in part result from a reduced cell volume rather than an actual 
decrease in the cellular concentration of chlorophyll, because the average cell diameter for 
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Figure 4A. (continued on next page) A: a plot of the mean ratio of chlorophyll concentration 
to cell density for data derived from Figure 1. Identical nominal CO2 concentrations were 
averaged, and the error bar is the standard deviation. B: the mean cell diameter (µm) of each 
experimental culture as a percentage of that for the control culture (5% CO2 20% 0 2). Each 
bar represents one .trial and is the average of the cell size measurements for cultures in the 
48th and 52nd hour of growth, and the error bar is the standard deviation. The 0 2
concentration was 20% in all cases, except for the 0.4*, which was at 2% 02. 
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Figure 4B. (continued from previous page) A: a plot of the mean ratio of chlorophyll 
concentration to cell density for data derived from Figure 1. Identical nominal CO2
concentrations were averaged, and the error bar is the standard deviation. B: the mean cell 
diameter (µm) of each experimental culture as a percentage of that for the control culture 
(5% CO2 20% 0 2). Each bar represents one trial and is the average of the cell size 
measurements for cultures in the 48th and 52"d hour of growth, and the error bar is the 
standard deviation. The 0 2 concentration was 20% in all cases, except for the 0.4*, which 
was at 2% 02. 
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cultures grown in 0.05 % and 0.005 % CO2 was smaller than that of cultures grown at 0.3 
CO2 or above (Figure 4B). Grov~rth in the range 0.005% to 0.01 % CO2 resulted in the 
greatest change in the form of an increased doubling time, a lower relative growth, and 
smaller cell size, which together suggest that the cells grown in this very low CO2 range are 
in a different physiological state from the other cultures tested. 
CO2 removed and cell culture growth 
Figure 5 shows the percentage of CO2 removed from the incoming (pre-culture) gas 
stream for cell cultures after 52 hours of growth in various CO2 concentrations. The 
maximum amount of CO2 removed from the supplied gas stream was 65% to 80%, which 
occurred in the 0.005 %, 0.03 %, and 0.05 % CO2 concentrations. The proportion of CO2
removed increased dramatically when the incoming gas was <O.S% CO2. The cell cultures 
with an incoming CO2 concentration of less than 0.4% CO2, which included most of the 
experimental conditions, removed greater than 10% of the incoming CO2. Clearly, the 
average cell in these cultures was not exposed to the nominal CO2 concentration of the 
incoming (pre-culture) gas stream, even though the gas flow rate was relatively high (0.34 
liters/min in a 670 ml culture volume). Nor is it likely that the average cell was exposed to 
the CO2 concentration measured in the outgoing (post-culture) gas stream. It is likely that the 
cells in a culture experienced a range of CO2 concentrations varying from the incoming (pre-
culture) to the outgoing (post-culture) CO2 concentration. The CO2 concentration in the cell 
culture was not measured but the ingoing and outgoing gas stream, and this outgoing gas 
stream was after the ingoing gas stream was mixed with the culture, so the post CO2
concentration (post-culture) was used to represent the CO2 concentration experienced by the 
cells in the culture. 
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Figure 5. The percentage of CO2 removed from the incoming (pre) bioreactor gas stream 
(Pre % CO2). Each point represents an independent cell culture. 
The pre-culture, median (average of the pre-culture and post-culture), and post-
culture gas stream CO2 concentrations are shown in Table 2. Because CO2 concentrations 
above 1 % could not be measured accurately with the Qubit CO2 analyzers, and, because the 
proportion removed from higher CO2 concentrations is likely to below, the nominal CO2
concentration was used for calculating ratios at 5% CO2. 
43 
Table 2. Spectl-um of CO2 concentrations and the accompanied 0 2 concentration with the 
actual pre, median, and post CO2 concentration after 52 hours of growth. The CO2/02 ratio 
was calculated from the post percent CO2 divided by the nominal percent 0 2. 
CO2 % 0 2 % CO2 % CO2 % CO2
Nominal Nominal Pre Median Post CO2/O2
0.005 2 0.0049 0.0032 0.0014 0.0070 
0.005 2 0.005 5 0.0041 0.0026 0.0013 
0.005 20 0.0051 0.003 5 0.0018 0.0001 
0.005 20 0.005 9 0.003 8 0.0017 0.0001 
0.008 2 0.0074 0.0050 0.0025 0.0013 
0.008 20 0.0076 0.0052 0.0029 0.0002 
0.01 2 0.010 0.007 0.004 0.0020 
0.01 2 0.011 0.008 0.006 0.0030 
0.03 2 0.028 0.019 0.009 0.0045 
0.05 2 0.052 0.031 0.011 0.0055 
0.05 20 0.049 0.03 8 0.022 0.0011 
0.05 20 0.050 0.040 0.031 0.0016 
0.06 2 0.061 0.045 0.029 0.015 
0.06 2 0.060 0.047 0.034 0.017 
0.1 2 0.098 0.075 0.051 0.037 
0.1 2 0.102 0.085 0.068 0.034 
0.1 20 0.102 0.079 0.056 0.003 
0.1 20 0.103 0.088 0.074 0.004 
0.3 20 0.33 0.31 0.28 0.014 
0.4 20 0.39 0.35 0.32 0.016 
0.5 2 0.46 0.47 0.45 0.23 
0.5 20 0.50 0.48 0.46 0.02 
0.5 20 0.51 0.45 0.3 9 0.02 
0.6 20 0.59 0.57 0.55 0.03 
1.0 20 0.99 0.97 0.94 0.05 
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Photosynthesis 
The rate of CO2 removed from the gas stream by a cell culture acclimated for 36 to 52 
hours was measured for 12 different nominal CO2 concentrations. A single curve could not 
easily be fit to all the photosynthetic rate data, but rather it appeared that three different 
curves fit the data best (Figure 6): Due to the large span of the post CO2 concentrations, 
three different ranges were graphed in Figure 6, although the same data are presented in each 
graph. Each data point is the averaged photosynthetic rate of an independent culture 
measured from hours 36, 40, 44, 48, and 52. The photosynthetic rate was plotted against the 
post CO2 concentration in Figures 6A, 6C, and 6E, a.s well as in the double reciprocal plots 
(Figures 6B, 6D, and 6F). Three nominal CO2 concentrations (1 %, 0.6% and 0.5% CO2) 
were designated as the High CO2 condition, highlighted in Figures 6A and 6B. The Low 
CO2 condition (0.4% to 0.03% nominal CO2 concentration) is highlighted in Figures 6C and 
6D, and the Very Low CO2 condition (0.03% to 0.005% nominal CO2 concentration) is 
highlighted in Figures 6E and 6F. The curves in Figures 6A, 6C and 6E are expressions of 
the equations calculated from the corresponding double reciprocal plots in Figures 6B (High 
CO2), 6D (Low CO2), and 6F (Very Low CO2). Mal~ing the assumption that the cultures 
within each condition represented distinct physiological states and thus had internally similar 
photosynthetic characteristics, the regression line in each double reciprocal plot was used to 
calculate the maximum velocity (Vmax) and Ko.s(CO2) of photosynthesis for each 
corresponding CO2 concentration condition (Table 3). 
Photosynthetic measurements of the acclimated and independent cultures showed 
three different apparent affinities for CO2, consistent with the assumption that the conditions 
reflect three different physiological states. The maximum photosynthetic rates (V,Y,ax) of the 
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Figure 6 A and B. (continued on next page) Photosynthetic rate of cell cultures, presented as 
the average of hours 36, 40, 44, 48, 52, as a function of the post CO2 concentration. A 
through E; ♦ =High CO2 condition (1.0%, 0.6%, 0.5%nominal CO2 concentrations); ~ _ 
Low CO2 condition (0.4%, 0.3 %, 0.1 %, 0.06%, 0.05 %, 0.03 %nominal CO2 concentrations); 
3K =Very Low CO2 condition (0.03 %, 0.01 %, 0.075 %, 0.005 %nominal CO2
concentrations). The linear equation and regression coefficient in B was derived from the 
High CO2 condition data, in D from the Low CO2 condition data, and in F from the Very 
Low CO2 condition data. The curves in A, C, and E are expressions of the linear equations 
from the corresponding double reciprocal plots. 
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Figure 6 C and D. (continued on next page) Photosynthetic rate of cell cultures, presented as 
the average of hours 36, 40, 44, 48, 52, as a function of the post CO2 concentration. A 
through E; ♦ =High CO2 condition (1.0%, 0.6%, 0.5%nominal CO2 concentrations); O = 
Low CO2 condition (0.4%, 0.3%, 0.1 %, 0.06%, 0.05%, 0.03% nominal CO2 concentrations); 
~I{ =Very Low CO2 condition (0.03%, 0.01 %, 0.075%, 0.005% nominal CO2
concentrations). The linear equation and regression coefficient in B was derived from the 
High CO2 condition data, in D from the Low CO2 condition data, and in F from the Very 
Low CO2 condition data. The curves in A, C, and E are expressions of the linear equations 
from the corresponding double reciprocal plots. 
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Figure 6 E and F. (continued on previous page) Photosynthetic rate of cell cultures, 
presented as the average of hours 36, 40, 44, 48, 52, a.s a function of the post CO2
concentration. A through E; ♦ =High CO2 condition (1.0%, 0.6%, 0.5 %nominal CO2
concentrations); O =Low CO2 condition (0.4%, 0.3%, 0.1 %, 0.06%, 0.05%, 0.03% nominal 
CO2 concentrations); ~ =Very Low CO2 condition (0.03 %, 0.01 %, 0.075 %, 0.005 
nominal CO2 concentrations). The linear equation and regression coefficient in B was 
derived from the High CO2 condition data, in D from the Low CO2 condition data, and in F 
from the Very Law CO2 condition data. The curves in A, C, and E are expressions of the 
linear equations from the corresponding double reciprocal plots. 
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Table 3. Estimated maximum velocity (Vt„aX, µmoles CO2/mg chlorophyll/hour) and 
apparent Ko.s(COZ) derived from the regression lines of the double reciprocal plots in 
Figure 6. 
Ko.s(C~z) Ko.s(C~z) 
Condition VmaX (% CO2) (µM CO2) 
High 97 0.20 68 
Low 93 0.015 5.0 
Very low 49 0.001 0.4 
High and Low CO2 states were similar, with both estimated to be approximately 100 µmoles 
CO2/mg chlorophylUhr, in agreement with the VAX reported for the same algal strain in 
another study (Van, 1999). The Very Low CO2 state V,~X was estimated to be only 49 
µmoles CO2/mg chlorophyll/hr, which is a reduction of SO% from the Vmax of other two CO2
states. The apparent K.o.s(CO2) estimated for the High CO2 state was 68 µM CO2, which is 
similar to but higher than the reported Km(CO2) of 57 ~ 5µM CO2 for Rubisco isolated from 
C. reinhardtii strain 137C (Berry, 1976) and also was 13.6 fold greater than that estimated 
for the Low CO2 state (S.0 µM CO2) and 170 fold greater than that estimated for the Very 
Low CO2 state (0.4 µM CO2). Accordingly, the apparent K~.S(CO2) estimated for the Low 
CO2 state was 12. S fold greater than that of the Very Low CO2 state. 
The transition between the High and Low CO2 states (^-0.5% CO2) was marked by a 
dramatic drop in the photosynthetic rate between nominal 0.4% CO2 and 0.5% CO2, with, 
e.g., the photosynthetic rate in nominally 0.5% CO2 (~70 µmoles CO2/mg chl/hr) being about 
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30% lower than that in nominal 0.4% CO2 ( 100 µmoles CO2/mg chUhr) (Figure 6A). The 
transition between the Low and Very Low CO2 states was more subtle, but, even though the 
nominal 0.03% CO2 concentration overlapped with both the Low and Very Low CO2 states, 
the regression lines in Figures 6C-6F argue strongly that the two groups have distinct 
photosynthetic characteristics. The 0.4 µM apparent Ko.s(CO2) of the Very Low CO2 state is 
similar to values that had been reported for other strains bubbled with atmospheric air (Berry 
1976, Coleman 1984, Moroney 1984, Chen 1996, Ghoshal 2002). This apparent similarity 
between the estimated Ko.s(CO2) for the Very Low CO2 state from this work and that for the 
nominally low CO2 conditions in previous work may reflect the difference between nominal 
CO2 concentrations and effective CO2 concentrations, since even a modest consumption of 
the nominal CO2 supply at air levels of CO2 could decrease the effective CO2 concentration 
into the very low CO2 concentration range. 
COZ/OZ Ratio 
A sample of results from the northern analysis blots used to investigate the 
relationship between the CO2/02 ratio and expression of CO2 regulated genes is shown in 
Figure 7. Eight experimental conditions are shown, each with the paired control condition. 
The odd number ID blots represent the control condition of 5% CO2 and 20% 0 2, and the 
even number ID blots represent the experimental conditions. Additional conditions not 
presented in Figure 7 are shown in Figure 9. There was no detectable Cah 1 mRNA in 
cultures grown at 5% CO2 (Figure 7). The Cahl mR:NA abundance appeared to be slightly 
higher at 1 % CO2 and increased as the CO2 concentration decreased below 1 %. The Gdh 
mRNA abundance behaved in a similar manner, although there was expression of Gdh but 
not of Cahl in 5% CO2. 
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Figure 7 also allows a qualitative look at the role of the CO2/O2 ratio as a factor in regulation 
of two low CO2 inducible genes. For example, where ID pairs match the same CO2/O2 ratio 
at 10 fold different gas concentrations, e.g., ID pair 4 (0.6% CO2 - 20% 0 2) and 6 (0.06% 
CO2 - 2% 0 2)' and ID pair 11 (0.05% CO2 - 20% 0 2) and 16 (0.005% - 2% 0 2), the level of 
mRNA hybridizing within each ID pair is quite different and appeared to correlate with the 
CO2 concentration rather than the CO2/O2 ratio. In keeping with the apparent lack of CO2/O2
ratio regulation, the 0 2 concentration between 20% and 2% did not show any detectable 
effect on the expression level of either Cahl or Gdh, as illustrated in the blot ID pairs 10 and 
12 or 14 and 16, which represent the same low CO2 concentration, 0.05% and 0.005% CO2, 
respectively, at 20% or 2% 0 2. Each pair shows a similar level of expression in both 0 2
concentrations. These observations suggest that the CO2/O2 ratio did not regulate the 
expression of either Cahl or Gdh. 
m c' 02 02 m c'o2 02
1 5 20 9 5 20 ID
1 20 10 4.0~ 20 
3 ~ 20 11 ~ 20 4 kt~, Gdd~ 
4 0.~6 ?0 12 0.0~ 2 21cb, Cuh l 
~ ~ 20 13 5 ?0 
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20 
1:~ o.oa~ ~o 
1~ 5 20 2 kb, ~ ~rc~teara 
8 0.01 ? lei 0.00. 2 ID
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 lb 
1
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Figure 7. A sample (8 out of a total of 27) of the northern blot results taken from the 
spectrum of CO2 and 0 2 concentrations are illustrated. A control culture (5% CO2 and 20% 
0 2) was grown simultaneously with each experimental condition, and the blots are shown 
with the control condition first, as odd numbered ID values, followed by the experimental 
condition, as even numbered ID values. Two membranes are shown: ID 1 through 8 and ID 
9 through 16. 
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The role of the CO2/02 ratio as a factor in regulation of low CO2 inducible genes was 
investigated more quantitatively by monitoring the mRNA abundance of Cahl and Gdh 
(Figure 8). Figures 8A and 8B depict Cahl and Gdh transcript abundance, respectively, as a 
function of the ratio of CO2 to 0 2. In each of the five histogram pairs illustrated, the CO2/02
ratios were held constant, although the CO2 and 0 2 concentrations differed by 10 fold. The 
Cahl mRNA abundance in each pair was significantly lower at the lower CO2 and 0 2
concentration. The Gdh mRNA abundance also was lower in each pair at the lower CO2 and 
0 2 concentration, although, for the 0.005 CO2/02 ratio, the difference was not considerable. 
Figures 8C and 8D show Cahl and Gdh mI~1~IA abundance as a function of the CO2
concentration, with paired bar patterns representing the same CO2 concentration at the two, 
10-fold different 0 2 concentrations. There was no significant effect of the 0 2 concentration 
(20% versus 2%) on the apparent expression level of either gene. As the CO2 concentration 
increased, the mRNA abundance of both genes decreased. These results confirm that the 
external CO2/02 ratio did not act as a significant regulatory factor for the expression of either 
Cah 1 or Gdh and that the CO2 concentration was the regulatory factor, independent of the 0 2
concentration. 
Cah 1 and Gdh 
The m~:NA abundances of Cah 1 and Gdh were plotted against the median CO2
concentration in Figures 9A and 9B, respectively. The mRNA abundance of each gene 
increased as an inverse logarithmic function of the decreasing CO2 concentration, although 
the increase in Cahl mRNA abundance appeared to have a greater slope, with less variation, 
than that of Gdh. The m~NA abundance of Cahl at 0.005% COQ was about 17 fold greater 
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Figure 8 A and B. (continued on next page) Abundance of Cahl (A) and Gdh (B) mRNA as
a function of the CO2/02 ratio. C and D also show the Cahl and Gdh mRNA abundance but 
as a function of the CO2 concentration. The bar patterns unite each pair having either (A and 
B) the same CO2/02 ratio but with the gas concentrations differing by 10 fold, or (C and D) 
the same CO2 concentration but with 0 2 concentrations differing by 10 fold. The values 
below each bar show the nominal CO2/02 ratio (first row), the nominal CO2 concentration 
next to the nominal 0 2 concentration (second row), and (last row) the number of replicates 
(n), with the standard deviation shown as the error bar. 
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Figure 8 C and D. (continued on previous page) Abundance of Cahl (A) and Gdh (B) 
mRNA as a function of the COZ/02 ratio. C and D also show the Cahl and Gdh mRNA 
abundance but as a function of the COZ concentration. The bar patterns unite each pair 
having either (A and B) the same COZ/02 ratio but with the gas concentrations differing by 
10 fold, or (C and D) the same CO2 concentration but with 0 2 concentrations differing by 10 
fold. The values below each bar show the nominal COZ/02 ratio (first row), the nominal COZ
concentration next to the nominal OZ concentration (second row), and (last row) the number 
of replicates (n), with the standard deviation shown as the error bar. 
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Figure 9A. (continued on next page) The gene expression level (mRNA abundance) for 
Cahl (A) and Gdh (B) plotted as a function of the median CO2 concentration. The 5% CO2
data point for both A and B is the average from 27 control cultures, and the error bar 
represents the standard deviation. All other data represent independent cultures. 
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Figure 9B. (continued from previous page) The gene expression level (mRNA abundance) 
for Cahl (A) and Gdh (B) plotted as a function of the median CO2 concentration. The 5% 
COZ data point for both A and B is the average from 27 control cultures, and the error bar 
represents the standard deviation. All other data represent independent cultures. 
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than at 0.5% CO2, while that of Gdh was only about 5 fold greater over the same range. The 
CO2 concentration at which an increased Cah 1 mR:NA abundance is first detectable was in 
the range of 0.5% to 0.4% median CO2 concentration. The Gdh mRNA was up regulated in a 
similar range, although the precise range was more difficult to judge due to the variation. 
That both genes showed an initial increase in mRNA abundance at about the same CO2
concentration (0.5% to 0.4%), and lack of control in the ccm-1 mutant, suggests that Cahl 
and Gdh are controlled by the same or a similar regulatory factor. These results demonstrate 
that the mRNA abundance of Cahl and Gdh, and thus the expression Level of these two 
genes, is not merely an "off or on" regulation, but that the expression level for each gene 
changed in a continuum as an inverse function of the supplied CO2 concentration. 
Discussion 
Research on the C. reinhardtii CCM has clearly recognized two physiological states, 
a high CO2 state and a low CO2 state. In the current study, C. reinhardtii strain CC 125 
showed evidence of three discreet physiological states, based on growth, photosynthetic rate, 
and expression of two low CO2 inducible genes, within a physiologically relevant range of 
CO2 concentrations. The three physiological states were dependent on the CO2
concentration, and, for discussion, were termed High CO2 state (S % to 0. S % CO2), Low CO2
state (0.4% to 0.05% CO2), and Very Low CO2 state (0.03% to 0.005% CO2, and probably 
anything lower). The same terminology was also used to describe the CO2 concentrations 
that elicited the CO2 state. 
The growth response as a function of the CO2 concentration provided part of the 
distinction among the three physiological states in that the High CO2 state and the Low CO2
state exhibited similar doubling times, but cells in the Low CO2 state had a decreased relative 
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growth compared to those in the High CO2 state. Growth of cells in the Very Low CO2 state 
was distinguished by higher doubling times and lower relative growth. Berry et al. (1976) 
also reported doubling times for cells grown in high (3% COZ) and low (0.035% CO2) CO2
concentrations (9.1 hours and 9.9 hours, respectively) that were similar to each other and 
similar to those reported here, yet increased to 19.2 to 41 hours in very low (0.0065% to 
0.0033% CO2) CO2 concentrations, but they did not address the differences at the very low 
CO2 concentrations. In their experiments, Berry et al. (1976) also described the CO2 supply 
conditions (0.1 to 0.3 liters per minute), which were similar to those used in this work (0.34 
liters per minute). Other reports of doubling times for growth of cells in high and low CO2
concentrations indicate the two states differ in their doubling times, e.g., for cells grown in 
high CO2 and low CO2, respectively, doubling times of 7 hours and 12 hours (Moroney et al, 
1989) or 5 hours and 20 hours (Soupene et al, 2004) were reported. However, the conditions 
for CO2 supply in these studies were such that they probably had much less gas-liquid 
interaction, so the effective CO2 concentration was likely to be substantially lower than the 
nominal CO2 concentration, i.e., the physiological state of the cells reported for growth in 
low CO2 concentrations may actually had been in the Very Low CO2 state. 
In combination with other reports, there is a noticeable delay in induction of Cahl 
and other low-0O2 inducible genes, of photosynthesis, and now of growth during the initial 
acclimation response. The growth delay was observed to increase as the CO2 concentration 
decreased, but details of the delay still remain unclear. In this study of the acclimation to a 
lower CO2 concentration, the exposure of cells to the new CO2 condition was relatively 
quick, as 5 to 10 ml of a 5 % CO2 aerated liquid culture was diluted into 670 ml liquid 
medium of a lower CO2 concentration. The impact of the exposure time to the new condition 
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is difficult to assess, since such a rapid change is unlikely in the normal environment of the 
alga. So, this growth delay results, at least partly, from the time required for up-regulation of 
the CCM, the photorespiratorypathtyay, and all the relevant genes, but it is not clear whether 
there is any contribution from a flux of toxic metabolites, such as glycolate. Clearly the 
wild-type cells are capable of acclimating to lower CO2 concentrations, i.e., capable of 
inducing the machinery required to survive in low CO2, but it is less clear whether they all 
are in a physiological state to survive a rapid flux of toxic metabolites. 
The apparent Ko.s(CO2) estimated for High and Low COZ physiological states in this 
work is higher than many of the values reported in the literature, although the photosynthetic 
Ko.s(CO2) values that are reported for cells grown in high and low CO2 conditions have been 
quite variable. For cells grown in high CO2 concentrations (5% CO2) K.0.5(CO2) values (56-
60 µM) similar to what was found in the current in situ study (68 µM} have been reported 
(Coleman et al 1984, Moroney et al, 1985). However Ko,s(CO2) values for cells grown in 
high CO2 are more frequently reported in the 20-28 µM range (Berry et al 1976, Moroney et 
at 1984, Moroney et al 1989, Somanchi et al 1998, Suzuki et aI 1986, Burrow et al 1996) and 
even as low as 7-15 µM (Thyssen 2002; Berry, 1976; Amoroso, 1998), which is similar to 
the Ko.s(CO2) reported here for the Low CO2 state. 
Frequently reported K.0.5CCO2) values for cells grown in low CO2 concentrations 
(0.035% CO2) are 2-4 µM (Coleman et al 1984, Chen et al 1996, Somanchi et al 1998, 
Badger et al 1978, Suzuki et al 1986, Burrow et al 1996, Karlsson et al 1998, Van et al 1999, 
Colombo et al 2002), but, in addition, there are some reports for low CO2 adapted cells of 
Ko.s(CO2) values as low as 0.8-1.1 µM (Berry et al, 1976, Moroney et at, 1984, Goshal et al, 
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2002; Thyssen 2002; Amoroso, 1998), which are similar to that reported here for the Very 
Low CO2 state. 
Whether the cells remained in the High CO2 state or Low CO2 state during the 
manipulations in preparation for measuring the photosynthetic rate or even during the 
measurements themselves is not clear. What is clear is that cells moved from growth at high 
CO2 concentrations to a lower CO2 concentration immediately began acclimating to the CO2
concentration (Somanchi et al., 1998; Burow et al., 1996; Ramazanov and Cardenas, 1991) 
and that, as the CO2 concentration decreases, the acclimation time increases. The 
photosynthetic measurements of high CO2 grown cells exposed even briefly to low CO2
conditions would already begin acclimating to the low CO2 concentration, yet the cells are 
assumed to remain in the high CO2 condition. The cultures that were used to estimate the 
High CO2 state Ko.s(CO2) in the current study remained in the growth CO2 concentrations, so 
did the acclimation to the Low CO2 state (0.4% CO2 and less) during manipulations; thus the 
68 µM estimate is more similar to the Km of Rubisco s 7 µM (Berry et al 1796). Similarly, as 
low CO2 grown cells are moved to higher and/or lower CO2 conditions, acclimation to the 
higher or lower CO2 may begin almost immediately. The K0.5(CO2) reported for low CO2
grown cells, 2-4 µM, versus the s µM reported here, also could result from even a modest 
difference between the nominal CO2 concentration and the effective CO2 concentration, since 
the atmospheric CO2 concentration appears to be near the concentration that elicits the Very 
Low CO2 state. 
This variation in reported- apparent affinities for CO2 of C. reinhardtii maybe related 
to strain differences, but it seems more likely that they are related to differences in the rate of 
C; supplied to the cells during growth or during photosynthetic rate measurements and to the 
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conditions of measurement. Although inherently less accurate than, e.g., photosynthetic 02 
evolution measurements, the in situ photosynthesis measurements in this report eliminate any 
effects from the removal, manipulation, concentration andlor storage of cells from cultures in 
preparation for photosynthesis measurements. Also, since the rate of the CO2 supply to the 
cells or the cultures during growth is typically not reported, and because insufficient supply 
rates may result in very dramatic changes in the CO2 concentration actually experienced by 
individual cells, especially in a dense culture, the nominal CO2 concentrations reported in 
many studies maybe very different from the actual, effective CO2 concentration controlling 
the physiological state. 
The high CO2 conditions commonly reported to repress (or prevent induction) of the 
CCM, etc., are typically 5 % to 3 % CO2, which we have extended to 0.5 % CO2 in this study. 
The High CO2 state is likely present in a variety of CO2/02 conditions dependent on the 
ambient CO2 concentration, because the CO2 conditions needed to maintain cells in a High 
CO2 state are sensitive to the rate of CO2 supplied and the cell density, i.e., to the actual CO2
concentration at the cell surface. The defining characteristics of the High CO2 state are the 
lack of a distinguishable expression of Cahl and of any detectable acclimation-related 
growth delay upon transfer from 5% CO2, as apparently is a K.0.5(CO2) similar to the 
Km(CO2) of Rubisco. Although some low expression of Cah 1 was observed at 
concentrations as high as 1 % CO2, the Cahl abundance was not different from that at 5% 
CO2 (essentially zero expression) until the median CO2 concentration dropped below 0.5% 
(see Figure 9). 
The Low CO2 state (0.4% to 0.03 % CO2) vas distinguished from the High CO2 state 
by an acclimation-related delay in culture growth, clear induction (Cah 1) or up-regulation 
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(Gdh) of CO2-regulated genes, smaller cell size and a markedly increased apparent affinity of 
photosynthesis for CO2. Although cultures in the Low CO2 state exhibited similar doubling 
times to those in the High CO2 state, the cell concentration of cultures began to show an 
acclimation-related delay in cell growth at median CO2 concentrations below 0.3%. 
Confirming the probability that this delay in growth was related to acclimation, clear 
induction of Cahl and up-regulation of Gdh occurred at median CO2 concentrations below 
0.5%, and the mRNA abundance for both genes increased as the CO2 concentration 
decreased below that transition concentration. The photosynthetic rate also clearly defined 
the transition between the High CO2 state and the Low CO2 state, where the photosynthetic 
rate at 0.4% CO2 was markedly greater than that at 0.5 % CO2. The photosynthetic rate 
decreased with decreasing CO2 concentrations from the 0.4% to 0.03% CO2, and increased 
with increasing CO2 concentrations above 0.5%. As previously mentioned, the Low CO2
Vmax 
was the same as that of the High CO2 state but the estimated Ko.s(CO2) of the Low CO2
state, 5µM CO2, was only 1 / 14 of that for the High CO2 state. The simple explanation for 
the marked decrease in photosynthetic rate between 0.4% and 0.5% CO2 is that the induction 
of a CCM in the Low CO2 state provides a higher CO2 substrate concentration to Rubisco at 
0.4% CO2 than is provided at 0.5% CO2 in the High CO2 state without a functional CCM. 
The Very Low CO2 state was distinguished from the Low CO2 state by a decreased 
growth rate, a smaller average cell size, less chlorophyll per cell, a decrease in the apparent 
Vmax 
for photosynthesis and an increased apparent affinity for CO2 in photosynthesis. The 
growth of cultures in the Very Low CO2 state resulted in a doubling time 1.5 to 2 fold greater 
than those of cultures in the Low and High CO2 states, a final cell density 5 fold lower than 
that of the High CO2 state, and an average cell size S% smaller than that of cultures in the 
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Low CO2 state and 20% smaller than those in the High CO2 state. The estimated 
photosynthetic VmaX of cells in the Very Low CO2 state, 49 µmoles CO2/mg 
chlorophylUhour, was 50% lower than that of cells in the Low and High CO2 states. The 
apparent K.o.s(CO2) estimated for cells in the Very Low CO2 state, 0.4 µM CO2, only 1/12 of 
that for cells in the Low CO2 and only 1/170 of that for cells in the High CO2 state. The 
expression of Cahl and Gdh for cultures in the Very Low CO2 state continued to increase as 
the CO2 concentration decreased but did not show a distinct trend different from that of the 
Low CO2 state. However, based on evidence from the growth characteristics of the pmp-1 
mutant (Van et al. 2001), there very likely are other, as yet unidentified genes whose 
differential expression between these two states would help define the Very Low CO2 state at 
the gene expression level. 
Interesting, but possibly coincidental, were the similarities between the estimated 
Ko.s(CO2) of the CO2 states and the CO2 concentrations corresponding to transitions between 
the CO2 states. For example, the Ko.s(CO2) of 0.20% CO2 estimated for the High CO2 state 
was in the CO2 concentration range where the transition between the High CO2 and Low CO2
states occurred, as marked by a noticeable acclimation-related growth delay response in the 
Low CO2 state. Similarly, the I~.S(CO2) of 0.015% CO2 estimated for the Low CO2 state 
was in the same CO2 concentration range where the transition between the Low CO2 and 
Very Low COZ states occurred, as marked by an increase in the cell doubling times, a 
decrease in cell size and a 50% decline in the photosynthetic VAX. Perhaps the Very Low 
state Ko.s(CO2) of 0.001 % CO2 identifies where cell growth is nearly arrested or a quiescent 
state has been reached, but, unfortunately, the physiological response to CO2 concentrations 
below 0.001 %have not been extensively studied. Whether the apparent highlighting of the 
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transition regions among the physiological states by the corresponding Ko,s(CO2) reflects an 
important physiological relationship or is simply coincidental is not clear at this time. 
The Very Low CO2 state was initially recognized in and had been identified with the 
peculiar growth of the C. reinhardtii pmp-1 mutant. This work further supports and solidifies 
the evidence for a distinct physiological state other than the High CO2 and Low CO2 states. 
The detection of these multiple CO2 states suggests that there is a greater complexity to the 
CO2 concentration dependent regulation of physiological states in C. reinhardtii. 
Within the physiologically relevant CO2 concentrations there was no detectable 
influence of 0 2 concentration (2% versus 20% 0 2) on any parameter measured here. This 
was especially apparent in the very low CO2 concentrations (0.01 % to 0.005% CO2), where 
the limitation of COZ caused a 2.5 to S fold increase in doubling times, yet there was no 
detectable difference in growth between cultures in 2% or 20 % 0 2. In addition, even at 
these very low CO2 concentrations, the photosynthetic rate was unaffected by the 0 2
concentration, as was the mRNA abundance of Cah 1 and Gdh. This suggests that C. 
reinhardtii is very efficient at minimizing the effects of photorespiration by maintaining 
elevated internal CO2 levels at the site of Rubisco. 
A primary role of the CCM is to concentrate CO2 inside the cell when the external 
CO2 is limiting. When the 0 2 concentration was lowered by 10 fold in the presence of 0.5% 
to 0.005 % CO2, no detectable change in the level of Cah 1 and Gdh mRNA abundance was 
observed. A decrease in the 0 2 should decrease the Rubisco oxygenase activity, and a 
decrease in the Gdh expression level might be expected as formation of glycolate decreases 
with the decrease in Rubisco oxygenase activity. The lack of 0 2 sensitivity for expression of 
both genes strongly argues that both Cah ~ and Gdh were under the control of the CO2 
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concentration, irrespective of the OZ concentration, at least with respect to message 
abundance. The limited sensitivity of Gdh transcript abundance to 0 2 suggests that Gdh is 
not controlled by substrate availability, glycolate, but rather by CO2 concentration via a 
mechanism similar to that for regulation of Cah 1 transcript abundance. 
The lack of 0 2 sensitivity may reflect the native environment of C. reinhardtii where 
survival maybe more dependent on the ability to scavenge CO2 in an environment where the 
availability of carbon can change rapidly, rather than the adverse affects of 0 2. Even though 
photorespiration consumes chemical energy and releases CO2, this loss maybe less important 
if photosynthesis is maintained to continue a supply of chemical energy and a CCM to supply 
Rubisco with CO2 and to recycle any released CO2. 
V~Thether CO2 alone, or a photosynthetic, or a photorespiratory metabolite acts as a 
regulatory signal remains unclear, although the lack of 0 2 sensitivity argues that a 
photorespiratoryrnetabolite is not a factor. The control of the photorespiratory gene Gdh 
appeared the same as Cah 1 and suggests that, if either gene is required, both are regulated 
together. In the physiological CO2/02 conditions, the level of Cahl and Gdh were insensitive 
to the change in 0 2. Both genes were sensitive to the CO2 concentration. The Cahl gene is 
under the control of the CiaS (Ccm 1) regulatory factor (Yoshioka et al., 2004), but there is 
little known about further control once expression of the gene is induced. There is evidence 
presented here that the Cah 1 and Gdh genes were controlled beyond the initial up regulation 
in that the level in 0.005 % CO2 was 3 0 fold greater than at 0.5 % CO2 and for Gdh in 0.005 
CO2 the expression was S fold greater than at 0.5% CO2. 
In the spectrum of physiological CO2102 conditions, the CO2 concentration but not 
the CO2/02 ratio correlated with the expression level of the low CO2 inducible genes Cahl 
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and Gdh. The mechanism of Cahl control is not clear, but clearly its regulation involves 
more than just substrate availability, as demonstrated by the identification of the CiaS 
(Ccml) gene, which is thought to encode a transcription factor that plays a role to switch on 
or off low CO2 inducible genes, e.g., Cahl. However, the expression of Cahl does not 
follow a binary function of either "off or on" but, instead, the Cahl transcript abundance was 
inversely related to the supplied CO2 concentration. Thus, CiaS (Ccm 1) may control whether 
Cah 1 can be transcribed, but some other factors) must affect the quantitative level of Cah 1 
transcript accumulation. 
Within the CO2 conditions used, Cahl and Gdh both were up-regulated at 0.5% to 
0.4% CO2, a CO2 concentration 10 fold greater than the commonly studied low CO2
condition (0.05 % to 0.03 % CO2). This CO2 concentration range, 0. S % to 0.3 %, maybe an 
important region in which to evaluate CCM signal transduction mutants, since the cells in 
this CO2 concentration range might be under significantly less stress than in the commonly-
used low CO2 concentration but should still undergo induction and up-regulation of CO2
regulated genes and of the CCM. Also, the final cell density and cell size are the same for 
cells in the 0.5% to 0.3% CO2 concentration range as for cells grown in 5% CO2, yet they 
still induce Cahl and Gdh, which suggests there was a quick acclimation to the lower CO2
conditions or at least that the lower CO2 conditions did not impair growth during the 
acclimation. Also, the use of normal atmospheric conditions may present a CO2 condition 
were the physiological state is subject to change, since a nominal 0.03% CO2 concentration is 
very close to or in the transition range between the Low and Very Low CO2 states, depending 
on the CO2 supply rate and the cell density. Thus it might be prudent to use concentrations 
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either significantly above or significantly below normal atmospheric CO2 concentrations, 
depending on the CO2 state desired. 
It is clear that the gas stream supplied to a culture does not always reflect the CO2
condition in the immediate surroundings of the average cell in the culture. This is especially 
true for cells grown in the Low CO2 conditions and below, where the proportion of CO2
removed from the gas stream was 50% to 70%. The proportion of CO2 removed increases as 
the cell density increases, so if the cell density is high and the gas flow rate is low the cells 
will experience a much lower CO2 concentration than that supplied. This could easily lead to 
misleading results with regard to CO2 concentration effects on physiological states. The 
transcript abundance of Cahl and Gdh showed a continuous increase as the available CO2
decreased, which suggests that the CCM responded with a continuous adjustment of its 
components. Thus any variation in "actual" CO2 concentration from culture to culture also 
could result in misleading conclusions with regard to apparent quantitative effects on gene 
expression. 
when the CO2 removed from the external CO2 by the culture reaches such an extent 
that the gas flow rate is insufficient to replenish that removed, the CO2 reduction by the 
culture itself could cause a change in the CO2 state of the culture, even during the logarithmic 
phase of culture growth, several hours after exposure to the nominal, incoming CO2
concentration. This paradox is risky to the study of CCM induction as a function of the 
external CO2 concentration, because as a culture grows, even where the CO2 supply 
concentration and rate axe constant, its growth will decrease the external CO2 concentration 
continuously as the cell density of the culture increases. That places emphasis on careful 
67 
control of the incoming 002 concentration, diffusive flux, flow rate, and method of sparging, 
as well as on the interpretation of culture responses to nominal 002 conditions,. 
From the work presented here it is clear that 0 2 concentrations (2% versus 20%} had 
no significant affect on growth, photosynthetic rate, or induction of the periplasmic carbonic 
anhydrase (Cahl) and glycolate dehydrogenase (Gdh) genes in wild type C: reinhardtii. The 
results failed to provide any support for the hypothesis that 002 regulated genes and the 
CCM are regulated by the 002/02 ratio. Instead, the data clearly demonstrate that the 002
concentration alone is important in regulating these components. In addition, support is 
presented for the suggestion that there exists a distinct physiological state in cells grown at 
very low 002 concentrations, in addition to those already known for high 002 and low 002
concentrations. Thus, depending on the carbon availability, C. reinhardtii apparently shifts 
amongst three distinct physiological states, regulated by the 002 concentration alone. The 
evaluation of limiting 002 acclimation and the CCM using the growing number of mutants 
and new genomics tools to understand the intricacy of the signaling and regulation involved 
in shifting amongst the physiological states is essential, yet there is still much to be known 
about mechanisms that allow this alga to survive and even thrive in limiting 002. 
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APPENDIX. CULTURE GROWTH SYSTEM 
Method of Chlamydomonas reinhardtii Growth in Two CYTO-LIFT Bioreactors 
Parameters of cell density, total chlorophyll, incoming (pre-culture) and 
outgoing (post-culture) CO2 gas, and RNA extraction 
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Introduction 
The culture growth system was designed to grow Chlamydomonas in a liquid 
medium, create conditions that were reproducible, with the ability to monitor and manipulate 
the COZ concentration. In addition the use of two bioreactors allow for a control condition to 
accompany an experimental condition. 
Bioreactor General Block View 
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Figure 1. The control condition used two gas sources and the experimental condition used 
up to three. Valves (not shown) were placed in the gas lines, which permitted the control gas 
source to flow through the experimental bioreactor. The pre bioreactor and post bioreactor 
gas concentrations were monitored. 
~s 
Photograph of the Bioreactors 
Figure 2. Photograph of the two airlift bioreactors during an experiment. The left bioreactor 
housed the control culture at 5% CO2 and 20% 0 2, the right bioreactor housed the 
experimental culture which the gas conditions ranged from 5% to 0.005% CO2 and 20% to 
2% 0 2. The compressed gas cylinders used for mixing a particular CO2/O2 condition is seen 
to the left of the bioreactors and the water circulator that was used to maintain temperature of 
both bioreactors is seen to the right of the bioreactors. The flexible tubing lines above the 
reactors are the pre-gas or post-gas lines to the reactor chamber. The tubing was placed 
above the reactors to prevent possible back flow, siphoning, of the liquid medium into the 
gas lines. 
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Cell Preparation 
Growth medium, CO2 minimal medium was used for cell growth in liquid and agar 
(1.5%agar). The pH of the medium for agar and liquid CO2 minimal medium at atmospheric 
CO2 conditions was 7.6 pH and was used in the gas conditions of S% to 0.3% CO2. Liquid 
CO2 minimal medium used in the 0.1 % to 0.005% CO2 conditions were at pH 7.2 in 
atmospheric CO2 conditions. 
Plate inoculation 
Two plated cell cultures were used for each experiment. The media plates that were 
used were at least two-weeks old (two-weeks old to screen for bacteria and fungi 
contamination). The two plates were streaked with an old Chlamydomonas plated culture 
that were 7 to 28 days old and grown at 23° — 28° C in a gas condition of 5% CO2 and 20% 
0 2 under continuous light. The light intensity, 40 — 80 µE, was produced by eight 48 inch 
cool white florescent tubes. Each plate was streaked with four to five lines of moderately 
thick cells, streaked at the same time, and incubated under the same conditions as the 
transferred cells. Streaking of these plates occurred 3 days before inoculation of a 200 ml 
CO2 minimal liquid medium (see time a schedule of events). 
Flask inoculation 
The flask vessel was a glass S00 ml Erlenmeyer and contained 200 ml CO2 minimal 
medium at pH 7.6 (at atmospheric CO2 conditions, when 5% CO2 is bubbled the pH will go 
down to ~7.2). The growth medium used in the flask and in the bioreactors was mixed and 
stored in a glass jug that held 2.2 L and sealed with a rubber stopper (Figure 3). The 5% CO2
and 20% 0 2 gas condition was supplied to the flask by a bubbler (a long glass pasture pipette 
Figure 3. Photo of the sealed jug used to store liquid minimal medium (A), a 500 ml 
Erlenmeyer flask (B) that was used to grow cells for inoculation of the bioreactors, and the 
bubbler (C) used to sparge the gas into the liquid medium of the flask. 
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with a cotton filter, Figure 3), placed in the flask with the tip 2 to 4 cm from the bottom. 
The light and temperature conditions were 40 — 80 µE produced by eight 48 inch cool white 
florescent tubes and 23° - 28° C. 
The flask assembly was as follows. The flask, bubbler and liquid CO2 minimal medium 
were sterilized separately. In a sterile laminar hood the flask, bubbler, and liquid medium 
were assembled. Then the flask was placed on an orbital shaker at 125 RPM and supplied 
with the 5% CO2 gas condition. Before the addition of cells that were grown on plates, the 
5% CO2 gas was bubbled into the liquid medium for at least 10 minutes to allow for a CO2
and 0 2 equilibrium to form between the gas and liquid. 
Inoculation of the liquid culture was with a %2 pea sized mass of Chlamydomonas cells 
that were grown for 3 days on agar plates. Two flasks were inoculated but with a 4 hour 
separation; the first flask was timed so that 48 hours of growth was synchronized with the 
bioreactor inoculation 4 hours before the experiment run time of zero (the -4th hour of the 
bioreactor experiment hour) and the second flask timed so that 48 hours of growth was 
synchronized with the bioreactor inoculation of time zero (see schedule of events). 
Bioreactor inoculation 
The bioreactor inoculation was done in two phases separated by 4 hours. The cell 
density of the flask culture was calculated and the degree of dilution was determined before 
inoculation of the bioreactors. 
Flask cell density was calculated with a hemacytometer. Cell density was determined 5 
to 15 minutes prior to inoculation. Inoculate cell density usually ranged from 1 to 4 x 106
cells per ml, where the cell culture is in the early log phase of growth. The amount of 
inoculate used was calculated to obtain a total of 50,000 cells/ml in the bioreactor. This 
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calculation of inoculate volume to use was simplified by a graphic aid for quick estimation of 
volume (Figure 4). 
Cells were added to the bioreactors when certainty of agas-liquid equilibrium was 
established, at least one hour was allowed for the gas condition to saturate the liquid medium 
(this was for both bioreactors, the experimental and the control condition). The inoculation 
volume was split in half separated by 4 hours to increase the potential ofnon-synchronous 
cell growth; the first dose four hours before time zero with the first flask, and the second dose 
at time zero with the second flask. Cells were transferred from the flask to the bioreactor 
with an autoclaved 10 or 60 ml luer lock syringe with a 20.4 cm 20 gage stainless steel 
needle. 
Bioreactor Preparation 
The bioreactor and gas mix preparation was completed at least 1 hour before the first cell 
inoculation. The time to mix a gas ranged from 0.5 to 8 hours with a mean of 2 hours. 
Dry assembly and materials 
Two bioreactors were assembled and autoclaved without the liquid growth medium. The 
first parts assembled were the reactor glass, baffle, base, and O-ring (Figure SA, SB, and 
Table 1). The reactor glass and base placement was specific; the reactor glass seen in the 
open space of the bottom cap clamp screw must be flush with the reactor base. This glass-
base seal was checked for liquid leaks by addition of 50-100 ml distilled water into the 
reactor chamber. The water was removed and the bioreactor top end fitting, O-ring, and 
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Figure 4. The graphic aid used as a quick reference to determine the volume required for %2 
inoculation of a 700m1 airlift bioreactor to obtain 50,000 cells/ml. 
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X16 
Figure 5A. Diagram of the bioreactor (Kontes Life Sciences Products Instruction Sheet NO. 
8806013, 11/1/87). 
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Table 1. Description of the diagram numbers from Figure SA. 
Diagram 
Number Description 
1 reactor glass 
2 base of reactor 
3 sparge retainer 
4 gas inlet valve plug 
5 baffle 
6 top end fitting 
7 bottom cap clamp screw 
8 valve handle, red 
9 top cap port plug 
10 top cap plug with luer port 
11 vent tube adapter 
12 top cap infusion hose barb 
13 top screw cap 
14 reactor base O-ring 
15 vent tube adapter and sparge retainer O-ring 
16 port plug O-ring (size 008, Viton) 
17 septum cap 
18 sp arging filter 
19 sparger check valve 
20 vent tube 
21 gas linlet hose barb adapter (1 /4"-28 to i/a" I.D.) 
22 septum (PTFE/Silicone) 
23 vent tuve plug 
24 reactor cap O-ring (size 133, Viton) 
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Figure 5B. For each experiment, two bioreactors were used and some of the ports are 
identified. The side ports into the reactor (A and B) were sealed and were not used. Each 
bioreactor had a water j acket and a water circulator was used to maintain the culture 
temperature. A single water circulator was used to maintain the temperature of both cultures. 
The circulated water entered the first reactor by port D and flowed to the next water j acked 
by port C and exited by port E. The septum ports G and H were not used. The gas entered 
the reactors by ports I and J. 
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top screw cap were connected and the top end fitting ports were sealed (see Figure SA, SB, 
6A, 6B, and 7). In addition, the side barbed-port was kept sealed throughout the experiment 
(Figure SB). 
The post gas line tubing ends were covered with aluminum foil and autoclaved along 
with the bioreactor. 
When the experiment was in operation, water evaporated and growth medium was 
removed which was replaced by a plastic 60 ml non-luer tip syringe filled with water.(Figure 
6A, 6B, and 7) The syringe and deionized water were autoclaved at the same time as the 
bioreactors (a more appropriate solution would be a mix of 50% deionized water and 50% 
growth medium, because during a 52 hour experiment 60 ml of water was used as there was a 
total of 30 ml removed from cell sampling and the remaining 30 ml was from evaporation). 
The 2.2 L of CO2 minimal liquid growth medium was prepared, autoclaved, and cooled 
in a jug before the reactors were assembled (Figure 3). As mentioned earlier the growth 
medium with a pH 7.2 was used for CO2 conditions of 0.005% to 0.1 %and pH 7.6 for 0.3% 
to 5 %. 
Wet assembly 
After the dry assembly, the required materials were autoclaved and allowed to cool in a 
sterile laminar hood (bioreactors, post-gas line tubing, syringe and water). For the wet 
assembly, gloves sterilized with 70% ethanol were worn. The liquid medium was added to 
the bioreactors by removal of the top screw cap, top end fitting, and O-ring (complete 
removal was critical to obtain an air tight seal when refitted) and then filled with the 
appropriate medium up to 1 cm below a mark on the bioreactor, which was for a volume of 
670 ml (this volume was selected based upon the space need to minimize 
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Figure 6A. (continued on next page) Parts identified by A, B, C, D, E, F, G were used for 
autoclaving the reactor and parts H, I, J, K, L, M, N, O is a typical representation of the end 
of an experiment (where the medium inside the 60 ml syringe (N) had been placed into the 
bioreactor). Parts A and H were 1.5 cm length of 0.6 OD silicone tubing and was used to 
seal a P-1000 disposable pipette tip (B and I) into ports 1 and 4 respectively of the top cap of 
the bioreactor (G and O). A seal between atmospheric and bioreactor gas created with a 1 
ml syringe (C and J) fitted into the P-1000 tip. 
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Figure 6B. (continued from previous page) When autoclaving the 1 ml syringe plunger (D) 
was used to seal the port but when an experiment was running a needle (K) with a 3 ml 
syringe (L) replaced the plunger in order to take cell samples. When autoclaving the post 
bioreactor vent (2) was covered with tinfoil (E) but during the wet assembly the post gas line 
tubing was connected to the reactor with the vent tube adaptor (M). Lastly, when autoclaving 
port 3 was sealed with a 1 ml syringe plunger (F) and during the wet assembly the 60 ml 
syringe (N) filled with liquid medium was attached to port 6. 
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Figure 7. The side view shows the top cap prepared for autoclaving (left bioreactor) and 
during a typical experiment (right bioreactor). The cell sampling port 1 is prepared for 
autoclaving with the plunger (A) and when ready for cell sampling the parts look like (D). 
The post bioreactor gas vent was covered with tinfoil (B) and during wet assembly the post 
bioreactor gas tubing is fitted to the top cap (E). Lastly, the port for maintaining the liquid 
culture volume is sealed with a 1 ml syringe plunger when autoclaved and during the wet 
assembly the 60 ml syringe (F), filled with medium, is attached (the syringe is empty in 
Figure 4). 
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the foam that entered the post gas tubing). The bottom seal was checked for leaks and the 
top screw cap, top end fitting, and O-ring were refitted. 
The remaining parts were then connected (still in the laminar hood), the post gas line 
tubing and the syringe filled with the replacement water. The post gas Line tubing was 
connected to the top end fitting by the vent tube adapter. Lastly, the 60 ml syringe was 
completely filled water and connected to the top end fitting's port plug (Figure 6A, 6B, 
and 7). 
Pre gas line assembly 
Prior to the bioreactor assembly the gas lines for the control and experimental condition 
were configured to allow atmospheric air to flow through the lines. 
I~:nmediately after wet assembly a bioreactor was connected to the pre gas line (when not 
done quickly medium has flown through the metal diffuser, diaphragm, and out of the pre gas 
inlet). To force air though the sparging filter the other bioreactor pre gas line was clamped 
shut with a Day Pinchcock. To physically secure the bioreactor a castaloythree-prong 
extension clamp connected to a support stand was fitted above the upper side sample port. 
The pre gas line was fitted to the threaded gas inlet hose barb adapter. To avoid a twisted gas 
line once connected the gas line-inlet hose barb adapter was twisted counter clockwise 5 
complete rotations and then screwed into the gas inlet valve plug. 
The other bioreactor was then filled with liquid medium and connected to the other pre 
gas me. 
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Post gas line assembly 
The post gas line was composed of three units, a condensation chamber, desiccation 
columns that led to a CO2 gas analyzer (the gas stream was dried because water vapor 
interferes with the infrared gas analyzer), and apressure-seal checkpoint. 
The condensation chamber was the first unit after the bioreactor. This condensation 
chamber reduced the frequency of changing the desiccation column medium. The chamber 
was a medium sized amber wide-mouthed glass jar, which was immersed in an ice bath to 
cause condensation of the humid post bioreactor gas. The j ar was sealed with a rubber 
stopper that had three holes; one hole for entrance of the post bioreactor gas stream and the 
other two as a gas exit which one exit led to the desiccation chamber and the other to a 
pressure-seal checkpoint. The holes were fitted with 1 ml syringes that acted as nipples for 
attachment of flexible tubing. The plumbing of the bioreactor to the jar was made with %2 
inch outside diameter flexible tubing. 
After the dehydration chamber, the one gas exit led to the desiccation column toward a 
CO2 infrared gas analyzer. The tubing that connected the condensation chamber to the 
desiccation column wa.s a 1/ 4 inch outside diameter flexible tubing. This desiccation column 
was composed of two 60 ml syringes filled with the desiccation medium called Drierite (with 
color indicator). After the desiccation columns the gas went to an analyzer with a 1/ 4 inch 
outside diameter flexible tubing, the gas flow was pushed by an air pump. 
The pressure-seal check point functioned to prevent atmospheric air entering the 
bioreactor system and to verify that the system was pressurized and wa.s composed of a flask 
with water in which the post bioreactor gas was bubbled (if no bubbles were observed there 
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was a gas problem, a leak or something else). A small amount of the post bioreactor gas that 
exited the condensation chamber led to the flask to be bubbled through water. 
Light 
The light and temperature control (a water circulator) were turned on an hour before the 
first inoculation. 
A separate light bulb was used for each bioreactor and was created with a 32-watt power 
compact (square pin) 10,000-Kelvin premium-daylight fluorescent bulb from Custom 
SeaLife, Inc. The light intensity was reduced with three layers of aluminum screen 18 x 16 
mesh 0.001 GA and the distance between the light bulb and reactor was 4.5 cm to give 150 
µE. The light was on continuously for every experiment. 
Temperature 
The bioreactors had a water jacket that surrounded the liquid medium. A single water 
circulator maintained a 25° C temperature for both bioreactors. The experimental condition 
was placed first inline. The connection between a bioreactor and the water circulator was 
with silicone tubing (silicone tube for its autoclave durability); the connection between the 
bioreactors was a with silicone tube fastened with plastic ties, and the bioreactor-silicone 
tube connection to the water circulator was fastened with a plastic tie and the bioreactor 
silicone tube-water circulator connection was fastened with plastic tapered male and female 
fitting (see figure 5 for partial description). 
When the water circulator was initially turned on distilled water was added to the water 
reservoir as the water jackets were filled with the water pump within the water circulator. 
The water jacket volume of both bioreactors combined held about 1.81iters. The water level 
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in the circulator water reservoir was maintained 1-2 cm below the lid level. Once filled the 
cooling mode was turned on. 
Pressure 
The gas pressure was monitored at 5 places, three places with pressure gauges and 2 
with formation of bubbles in water: (1) the pressure inside the gas cylinders with the gas 
regulator gauge, (2) the pressure exiting the gas cylinders with the gas regulator gauge, (3) 
the pressure of the mixed pre bioreactor gas in the tubing just before the reactor with a gauge, 
(4) the pre bioreactor tubing that led to the COZ gas analyzer with formation of bubbles in 
water, (5) the post bioreactor tubing that led to the CO2 gas analyzer with the formation of 
bubbles in water. The maximum pressure in the cylinders was typically 2300 PSI and a 
cylinder was replaced around 100 PSI. The gas pressure exiting the cylinders was 25 to 32 
PSI. The mixed pre bioreactor gas pressure between the bioreactor and valves for mixing 
was 5 to 6 PSI. 
Gas Mix Preparation 
CO2 and 02 instrument calibration 
The COZ analyzers and OZ sensor calibration was checked before and during each 
experiment. 
Two infrazed CO2 analyzer models from Qubit Systems were used (S 151 and S 152). 
Their difference was the range of CO2 that could be analyzed, high range 5% to 0.3% COZ
and low range 0.1% to 0.005% CO2. The span of the high CO2 range gas analyzer was 
calibrated with certified 5% CO2 in air and the low analyzer with certified 0.0406% CO2 in 
air. The zero for both analyzers was with CO2 free air, 20% Oz balanced with N2. This CO2
free air was also passed through a 60 ml syringe filled with soda lime 6-12 mesh (absorbs 
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CO2) as aid to assure a CO2 free air sample. The gasbags supplied from Qubit Systems that 
held the standard gases were filled with the appropriate gas (5 % CO2, 0.0406% CO2 or CO2
free air) and purged twice before use in calibration. Periodic inspection of damage to the 
gasbags was also done. 
The 0 2 monitor was calibrated with compressed atmospheric air supplied throughout the 
building. 
Gas Mix 
A selected experimental gas condition took from 0.5 to 8 hours to mix (average time was 
about 2 hours) and used 2 or 3 different gas sources depending on the percent 0 2 level. The 
20% 0 2 experiments utilized two sources, a CO2 free air gas cylinder and a certified 5% CO2
gas cylinder. The 2% 0 2 experiments utilized three gas sources, a CO2 free air gas cylinder, 
a 100% N2 gas cylinder, and a certified S% CO2 cylinder. The gases were mostly mixed with 
gas valves after the gas regulators but occasionally with adjustment of the cylinder pressure 
regulators. The control gas condition of 5% CO2 and 20% 0 2 was mixed with 100% CO2
and the compressed atmospheric gas supplied to the laboratory. 
During an experiment of 20% 0 2 a total of 4 gas sources were mixed, for two different 
mixed gases one for the control bioreactor and the other for the experimental bioreactor, and 
experiments with 2% 02 a total of 5 gas sources were mixed. The pressure and flow rate was 
monitored from the 12th to the 52"d hour on a 4 hour interval. 
Running an Experiment 
At a sampling moment for cell density, total chlorophyll, and CO2 gas concentrations 
three milliliters of the culture were removed with an autoclaved 3 ml syringe and a 20.4 cm 
20 gage stainless steel needle (see figure 6 for the parts), 1 ml for counting the number of 
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Figure 8. For each cell culture sample a plastic 3 ml syringe and stainless steel needle were 
autoclaved in a test tube. The syringe was autoclaved many times until the rubber tip was no 
longer able to keep a seal when harvesting a sample. 
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cells and 2 ml for chlorophyll extraction. The syringe and needle were autoclaved in a 20.5 
cm length x 2.5 cm outside diameter glass test tube with a metal cap before sampling (Figure 
8). The cultures, the cells in the control bioreactor and experimental bioreactor, were 
sampled from the 12th to the 52nd hour on a four-hour interval. As a culture was sampled the 
actual time of day, actual experiment time, temperature, volume, and several gas parameters 
were recorded. The gas parameters were pre flow rates, pre reactor pressure, percent oxygen 
in the sampled gas stream, source gas flow rates, and gas cylinder pressure at the first and 
second stage. 
Cell density 
One ml of the cell culture was used for cell density estimation at each time point. The 
cells in the 1 ml were killed with three drops tincture of iodine. Aber completion of an 
experiment the density was estimated with a hemacytometer. Within 7 days digital 
photographs were taken of the cells through a microscope. Four hemacytometer grids were 
photographed for each sample (two slides were prepared for each time point). The 
photographs were viewed in Adobe Photoshop and cell counts were recorded directly into 
Microsoft Excel. 
Total Chlorophyll 
Two ml of the cell culture was used for total chlorophyll estimation at each time point. 
This 2 ml sample was placed into two micro centrifuge tubes and spun down in a 12 cm rotor 
at 13 00 RPM for 5 minutes at 4° C. Chlorophyll was extracted in 95 % ethanol. The 
supernatant was decanted and 0.5 ml of 100% ethanol was added to each tube (a few drops of 
growth medium remained in the tube which the 100% ethanol diluted to 95% ethanol). To 
facilitate extraction the cell pellet and ethanol was plunged with a pipette. The sample was 
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centrifuged again, same conditions as above, to pellet large cellular debris. The absorbance 
at 649 nm, 665 nm, and 730 nm was immediately read by a 15 minute warmed Hitachi U-200 
spectrophotometer blanked with 95% ethanol in 1 ml quartz cuvettes. The total chlorophyll 
was calculated with the equation derived by Wintermans and Mots, 1965. 
Pre and post COZ gas 
The pre and post CO2 gas data was recorded by a computer connected to the CO2
analyzer. A single analyzer was used for the pre and post gas concentration readings. Two 
analyzers were used which differed by the CO2 concentration range, the S 151 was used for 
0.005 % to 0.1 % CO2 and the S 1 S 3 analyzer for 0.3 % to 5 % CO2. The Qubit Systems Pro 
Data Logger software was used to display and analyze the data. Data was collected 
continuous y. 
Before the sample gas entered the analyzer the gas stream was desiccated, the gas flowed 
through two 60 ml syringes of Drierite with color indicator. The gas stream that exited the 
analyzer was bubbled in water. This water stage was an aid to keep atmospheric gas out of 
the system. 
The analyzer measured the pre CO2 gas concentration until the moment the cell culture 
was sampled and then the gas to the analyzer was switched to the post gas concentration. 
The post gas stream was recorded for 30-40 minutes and then the pre gas stream was 
recorded until the next sampling time. This was done to minimize the frequency of replacing 
the desiccant column medium as the pre gas stream was dry and the post hydrated after 
bubbling through the liquid medium. Also by monitoring the pre gas mix between sampling, 
4-hour intervals, the stability of the mix and analyzer calibration could be assessed. 
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RNA extraction 
The RNA extraction buffer (based on Chomczynski and Sachhi, 1987) was made 4 hours 
before the time of extraction. The beta-mercaptoethanol was added 10-20 minutes before 
addition of extraction buffer to the cell pellet. A total of eight milliliters of extraction buffer 
was made. 
The volume of harvested culture depended on the cell density. For the CO2 conditions 
of 0.5% to S% CO2 %2 the volume in the bioreactor was harvested (~325m1) and placed in one 
500 ml centrifuge tube. CO2 conditions of 0.005% to 0.3% CO2 the entire volume was 
harvested (700 ml) and placed in two 500 ml centrifuge tubes. 
The cultures were centrifuged at 3000 RPM at 4° C with a GS3 rotor for 5 minutes. The 
supernatant was decanted back into the bioreactor, and 2 to 3 ml of growth medium remained 
in the centrifuge tube. The cell pellet was put on ice and occasionally swirled until 
resuspended. The cells were then divided into four chilled 2 ml micro centrifuge tubes. The 
cells were centrifuged in a 10 cm rotor at 1300 RPM for S minutes at 4° C. The supernatant 
was pulled off with a pipette. Still on ice 0.8 ml of the extraction buffer was added. The 
cells were then mixed into the extraction buffer with a 10 to 20 second vortex then a 40 to 80 
second chill on ice and repeated until completely suspended. The suspended cells were 
frozen at —80°Cone day to 2 months before the total RNA was extracted. 
At the moment of RNA extraction the cells were thawed on ice for 10-20 minutes. The 
cell walls were broken with sonication. Just before sonication, acid washed glass beads with 
a volume of 0.1 ml were added to the cell mix. The cell mix was sonicated for 10 seconds 
with 1 to 3 watts. The procedure for guanidine thiocyanate RNA extraction method was then 
followed. 
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Schedule of Events 
A schedule of events was mapped on a four-hour time interval with date and time 
(Table 2). Key moments were plate, flask, and bioreactor inoculation and when the culture 
was sampled. 
Cleaning 
Once an experiment was terminated the remaining culture was poured into a plastic 
500 ml Erlenmeyer flask and autoclaved. The bioreactors were then disassembled. 
Everything but the blue caps and metal gas diffuser was washed with mild soap and water. 
The washed parts where then rinsed with distilled water and air-dried. The water jacket 
accumulated oil on the inside glass from the water circulator. The oil residue was 
occasionally removed with the addition of 200m1 acetone to the water j acket and shaken for 
several minutes. 
The post gas line tube was rinsed with distilled water after an experiment when foam 
from the cell culture entered the tube. The gas condensation chambers, amber glass jars, 
were also washed with soap and water. 
Leaks 
Gas did leak out through the metal diffuser access port (checked by placing a thin 
layer of water completely around the table and base contact, small bubbles emerged). This 
gas bypassed the growth medium. The rate of bubble formation from the leak seemed low 
enough to disregazd, one bubble every few seconds. The rate of lost gas seemed less than 
0.005 LPM but the actual rate was not confirmed, the pre flow rate was 0.34 LPM. 
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Table 2. Below is an example of a schedule where two experiments were carried one after 
the other. 
2004 
date 
03.09 
week 
day 
mon 
day 
hour 
4 pm 
8pm 
plate 1 
hour 
1 
plate 2 
hour 
flask 1 
hour 
flask 2 
hour 
inoculate 1 inoculate 2 bioreactor 
hour hour hour 
08.10 tue 12 am 4 
4 am 8 
8 am 12 
12 pm 16 
4 pm 20 
8 pm 24 
08.1 I wcd I2 am 28 
4 am 32 
8 am 36 
12 pm 40 
4 pm 44 
8 pm 48 
08.12 thur 12 am 52 
4 am 56 
8 am 60 
12 pm 64 
4 pm 68 1 
8 pm 72 4 1 
08.13 fri 12 am 8 4 
4 am 12 8 
8 am 16 12 
12 pm 20 16 
4 pm 24 20 
8 pm 1 28 24 
08.14 sat 12 am 4 32 28 
4 am 8 36 32 
8 am 12 40 3b 
12 pm 16 44 40 
4 pm 20 48 44 I 
8 pm 24 48 4 I 1 
08.15 sun 12 am 28 4 
4 am 32 8 
8 am 36 12 
12 pm 40 I 6 
4 pm 44 20 
8 pm 48 24 
08.16 mon 12 am 52 28 
4 am 56 32 
8 asst 60 36 
12 pm 64 40 
4 pm 68 1 44 
8 pm 72 4 1 48 
08.17 tue 12 am 8 4 52 
4 am 12 8 
8 am 16 12 
l2 pm 20 16 
4 pm 24 20 
8 pm 28 24 
08.18 wed 12 am 32 28 
4 am 36 32 
S am 40 36 
12 pm 44 40 
4 pm 48 44 1 
8 pm 48 4 1 1 
08.19 thur 12 am 4 
4 am 8 
8 am 12 
12 pm 16 
4 pm 20 
8 pm 24 
08.20 fri 12 am 28 
4 am 32 
8 am 36 
12 pm 40 
4 pm 44 
8 pm 48 
08.21 sat 12 am 52 
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Products Used 
Adobe Systems Corporation: Photoshop Version 6.0 (1989-2000) 
Bioreactors: Kontes Airlift Bioreactor, CYTOLIFT 
Compressed Gas Cylinders: Air Products, Linweld, and Praxair 
Digital Camera: FUJIFILM FinePix 6800Zoom 
Gas Mass Flow Meters: Sierra Instruments Inc, 820 Series Top-Track 
Hemacytometer: Bright-Line 
High Gas Pressure Fittings: Swagelok 
Infrared CO2 Gas Analyzers: Qubit Systems, Models S 151 and S 152 
Lighting:. CostomSeaLife Inc, Power Compact 2 Lamp 32 Watt Ballast, bulb 10000K 
Premium-Daylight 
Microscope: Nikon TMS 
Microsoft Corporation: Excel, Power Point, and Word Version 2000 (1983-1999) 
Molecular Dynamics: Phosphor Screen, Storm 840, and ImageQuant Version 5.2 (1999) 
OZ Monitor: YSI Modle 53 
Orbital Shaker: Queue 
Sonicator: Cole-Panner, 4710 Series Ultrasonic Homogenizer, 50 watt model 
Spectrophotometer: Hitachi U-2000 
Tufts University and Vernier Software: Logger Pro Version 1.0.8 (1997-1998) 
Water Circulator: Lauda Circulators, Model RMS-6 
